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Abstract

Plasmonic-based sensors are valuable tools in studying molecular
interactions and label-free detection in real time to mention just a few
examples. Used setups are relatively simple and can be miniaturized
and integrated. Their crucial element is the sensing platform. This
dissertation was focused on the fabrication of Ag- and Au-based
platforms showing a narrow plasmon resonance peak in the UV-Vis
spectrum and high refractive index sensitivity for use in localized
surface plasmon resonance (LSPR), and/or a high enhancement factor
for use in surface enhanced Raman spectroscopy (SERS). The
fabrication method of choice was electrodeposition. It allows the growth
of particles of specified size, shape and properties in a very precise and
cheap manner. Potentiodynamic methods were chosen, specifically
cyclic voltammetry, to grant the possibility of tuning the number of
nucleation and growth steps (with the number of cycles used) as well as
the relaxation time of the system (with changing the scan rate). The use
of the environmentally-friendly reducing agents, as citrate ions and
glucose, was preferred because of their harmlessness and lack of
reports about usage in potentiodynamic methods.

A broad range of applications of obtained platforms in plasmonic
methods was shown. Fabricated platforms exhibited very high SERS
enhancement factors (EF) therefore it was possible to record SERS
spectra of neurotransmitters in physiologically relevant concentrations.
In the field of LSPR it was possible to study molecular interactions with
lectins-to-sugars binding. Also, developed platforms were sensitive
enough to sense the difference in dielectric coefficient between Gram-
positive and Gram-negative bacteria. Moreover, it was possible to
differentiate bacteria according to their viability. As last, the proof-of-
concept of a biosensor was shown, where T7 bacteriophages were
recognized with specific antibodies covalently bound to the platform.
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Streszczenie

Czujniki oparte o struktury plazmoniczne metali wykorzystywane sa,
m.in. do badania oddzialywan molekularnych oraz bezznacznikowego
oznaczania analitow w czasie rzeczywistym. Struktury te odpowiadajq
za przetworzenie sygnalu chemicznego na sygnal optyczny. Niniejsza
dysertacja miata na celu opracowanie podlozy opartych na strukturach
srebra lub  zlota, wykazujacych  waski pik rezonansowy
w spektrofotometrii UV-Vis i wysoka czuloS¢ na zmiany wspolczynnika
dielektrycznego (do zastosowan w zlokalizowanym rezonansie
plazmonow powierzchniowych, LSPR) oraz/lub wykazujacych wysokie
wspotczynniki wzmocnienia w  powierzchniowo wzmocnionej
spektroskopii Ramana (SERS). Podloza wytwarzano w procesie
elektroosadzania. Jest to prosty i tani sposéb umozliwiajacy wzrost
czastek o pozadanych wlasciwosciach. Aby zapewni¢ kontrole nad
iloscia cykli zasiewanie-wzrost oraz czasem relaksacji systemu, wybrano
metode potencjodynamiczna - woltamperometrie cykliczna.
Zastosowane substancje redukujace (jony cytrynianowe oraz glukoza)
zostaly wybrane ze wzgledu na swoja nieszkodliwos¢ dla srodowiska
oraz brak doniesien literaturowych nt. stosowania ich do
elektroosadzania nanoczastek metali metodami potencjodynamicznymi.

W dysertacji zaprezentowano przyklady zastosowan otrzymanych
podiozy. Ze wzgledu na uzyskanie wysokich wspélczynnikow
wzmocnienia mozliwym byto zarejestrowanie widm SERS
neuroprzekaznikow w  stezeniach fizjologicznych. Zastosowanie
w technice LSPR pozwolilo na badanie oddzialywan molekularnych na
przyktadzie ukladu lektyna-cukier. Ponadto, wysoka czulosc
uzyskanych platform pozwolila na badanie réznic we wspotczynnikach
dielektrycznych bakterii Gram-dodatnich i Gram-ujemnych, a takze na
roznicowanie bakterii ze wzgledu na ich zywotnos¢. Jako ostatni
przyklad przedstawiono prototyp immunoczujnika do wykrywania
bakteriofagow T7.



Major abbreviations

n overpotential

Ayp  electrochemical saturation
i current density

E potential

Ecit  critical nucleation potential
ITO indium-tin oxide

Ccv cyclic voltammetry

AuNPs gold nanoparticles
AgNPs silver nanoparticles
NPs nanoparticles

AAO anodized aluminum oxide
PVP  poly(vinylpirrolidone)

SPR  surface plasmon resonance

LSPR localized surface plasmon
resonance

A wavelength
n refractive index

SERS surface enhanced Raman
spectroscopy

EF enhancement factor
AEF analytical enhancement factor

SSEF SERS substrate enhancement
factor

SMEF single molecule enhancement
factor

RIS  refractive index sensitivity
RIU refractive index unit

SCE standard calomel electrode
4-ATP 4-aminethiophenol

SEM scanning electron microscopy

CCD charge-coupled device
LC lectin from Lens culinaris
MA  lectin from Maackia amurensis

FWHM full width at half
maximum

K acid dissociation constant
pl isoelectric point

AgCitNPs silver nanoparticles
electrodeposited from solution
containing citrate ions

AuCitNPs gold nanoparticles
electrodeposited from solution
containing citrate ions

GO  graphene oxide

rGO reduced graphene oxide
BSA bovine serum albumin
G+  Gram-positive bacteria
G- Gram-negative bacteria

VBNC viable but non-culturable
bacteria

CFU  colony forming unit

Amax  wavelength of the peak
maximum

PACVD plasma-assisted
chemical vapor deposition

EDC N-(3-Dimethylaminopropyl)-
N'-ethylcarbodiimide
hydrochloride

PBS phosphate buffer saline
PFU plaque forming unit
APTES (3-aminopropyl)triethoxysilane
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Chapter 1

Theory and literature review

1.1 Electrodeposition

1.1.1 Historical and theoretical background

The dream of turning other metals into gold partially came true due to the
revelation of plating. Since ancient times alchemists were looking for a way to
cover different metals with other metals. The goal was achieved by means of
simple reduction in solution. After the discovery of the electricity in 1789 this
type of plating was supplemented with electroplating. To Luigi Brugnatelli we
owe the first electrogilding. In 1805 he wrote to the Belgian Journal of Physics
and Chemistry: “I have lately gilt in a complete manner two large silver medals,
by bringing them into communication by means of a steel wire, with a negative
pole of a voltaic pile, and keeping them one after the other immersed in
ammoniuret of gold newly made and well saturated” [1] The first viable patent
for silver and gold electroplating was secured in 1839 by Henry and George
Elkington. [2] The term “electro-metallurgy”, meaning the process of working

in metals via electrolysis, was originated in 1841 by Alfred Smee. [3]

Nowadays, in use is the term “electrochemical deposition“, which includes
“electrodeposition” and “electroless deposition”. The former is defined in the
Electrochemical Dictionary [4] as “the process of forming a film or a bulk
material using an electrochemical process where electrons are supplied by an
external power supply”. The latter is the autocatalytic process where the

reducing agent is the source of electrons.



In 1899 Caspari introduced the term “overpotential” [5] to describe the
difference between the potential of the electrode through which an external

current is flowing (E(I)) and the equilibrium potential of this electrode (E):
n=EU)-E (1)

The overpotential is the potential required to overcome the hindrance of the
overall electrode reaction - the activation energy. It is proportional to the
electrochemical saturation - Au - which is the difference between the

electrochemical potential of solution and of newly created crystal.

Six years later Tafel [6] showed the relationship between the overpotential and

the current density:
n=a+blogi 2)

Then it was already known that the electrodeposition of a metal on a substrate
of the same metal occurs at the equilibrium potential. In the 1940’s it turned
out that in many cases metal can be deposited on a foreign substrate at
potentials more positive than the Nernst potential (the reduction potential of
the deposited metal). This phenomenon is called underpotential deposition. [7,
8] It typically occurs only up to one or two monolayers of deposited material.
Since the 1930’s a systematic development of the theory of electrochemistry
and electrodeposition took place. Volmer and Erdey-Gruz derived the current-
potential relationship for the reaction rate constant. [9] Moreover they
introduced the 1st nucleation model for electrochemical crystal growth (vide
infra). When Frank and Burton [10, 11] realized that the substrates surfaces
have had imperfections, which can act as independent growth sites, a series of

new growth models were developed.



1.1 Electrodeposition

1.1.2 Growth of deposits [2]

From a chemical point of view electrodeposition is a very complex process.
One has to consider many aspects of physical chemistry, especially of surfaces,
like kinetics, electrochemistry and/or crystallography. It is worth looking a bit

closer into the mechanisms of nucleation and growth of deposits.

In general the theory states that metal electrodeposition starts at the electrode
with the formation of individual growth centers via direct reduction of ions
onto the electrode surface (see Fig. 1). It is common that surface defects
become nucleation centers [12] because of their lower energy in comparison to
the ideal surface. Such places attract hydrated metal ions from the electrical
double layer to adsorb at the surface. Adsorbed ions (so-called adions) migrate
to the places with the lowest energy and they create a cluster -
a zero-dimensional nanostructure. Clusters can undergo aggregation,
dissolution and/or Ostwald ripening (detaching of the surface atoms from the
crystal and their condensation on the surface of a bigger crystal). When the
cluster is built of a sufficient number of adions it becomes a nucleus. The
critical radius of nucleus (meaning the minimum size that must be reached by
atoms or molecules clustering together to form a stable aggregate) depends on

the area occupied by one atom, therefore it is different for different materials.
The nucleation process can occur in two ways:

- instantaneously, when the nucleation constant is large and almost all
the nuclei have possibility to grow on the surface are created at the
same time,

- progressively, when the nucleation constant is low and the growth of

nuclei is extended in time.



Fig. 1 The schematic representation of adsorption of hydrated ions
at the surface and of migration of adions to create clusters and
nuclei. Adapted from [2]

The form of the created nucleus (whether it’s planar or three-dimensional)
mainly depends on the molecular weight, nucleation rate constant and density
of the deposit. The created nucleus should have the smallest energy possible.
Moreover, the number of created nuclei is affected by the current density. [13]
Deposits obtained at low current densities consist of a small number of nuclei.
With increasing current density or overvoltage the number of growth centers

increases and their sizes start to decrease.

Basically three growth models can be distinguished (chronologically):

- the “simple classical model” of Volmer and Weber (with further changes)
[9, 14, 15]
- the model of Scharifker and Hills (with further changes) [16, 17]

- the electrochemical aggregative growth mechanism [18-20]

The oldest model, by Volmer and Weber [14] (continued by Volmer and
Erdey-Gruz [9, 15]) assumes that the crystalline aggregates of the new phase
have the same composition, structure and the thermodynamic properties as
the bulk material. To correct this statement Milchev and Stoyanov [21]
proposed the atom by atom growth of nanometric size clusters. But still it was
presumed that all the nuclei grow independently of each other until the

Scharifker and Hills publication [16]. They showed that when a constant



1.1 Electrodeposition

overpotential is applied nuclei are formed progressively on the surface and
grow (presumably) by the direct attachment of adions. The growth of each of
them affects the overpotential distribution over the electrode surface and
reduces the concentration of active species in the vicinity of the nucleus, thus
reducing the nucleation rate. Then, if one considers the multiple clusters case,
the local zones of reduced nucleation rate spread and start to overlap (see
Fig. 2). This is the reason why the new nuclei are expected to grow only at

a given distance from each other.

Lately a new mechanism was proposed for growth of 3D particles focusing on
the early stages of electrochemical formation of deposits. [18, 19] It revises the
statement that the electrochemical growth is only driven by the direct
attachment. The growth process, according to Ustarroz et al. [19], starts with
the nucleation of primary nanoclusters. They can be either very small or
“medium” sized because of occurring coalescence of two clusters which were

formed very close to each other.

Fig. 2 A schematic representation of growth of nuclei (red) and,
consequently, of the overlap of the local zones of reduced
concentration of active species (blue semicircles).

The small clusters are formed until the nucleation zones start to overlap and
cover the entire surface. To this time three parallel processes can be observed:
the nucleation of new small clusters, surface movement of small clusters
forming aggregates (situation like with moving adions) and direct attachment
of metal ions to aggregates. The electrochemical potential driven surface
diffusion of these primary nanoclusters is caused by their large surface to

volume ratio and low degree of crystallinity hence by their instability. An



increase of the degree of crystallinity causes a decrease of the energy of the
system, and is more favorable. Finally, the degree to which aggregates undergo
partial or full coalescence dictates to which extent further growth by direct
attachment (or classical island growth) occurs. This model was developed on
the basis of transmission electron microscopy experiments. It was seen that
the primary clusters of electrodeposited silver are monocrystalline but the
aggregates are at first polycrystalline and later undergo recrystallization (what
was also shown earlier in [22]). It is a very important finding because many
properties of nanoparticles (e.g. electrocatalytic) depend on their crystalline
structure. [23, 24]

In 2015 the group of Patrick Unwin showed that electrodeposition of metal
nanoparticles does not require surface defects or atomic steps to occur. [25]
The electrodeposition of silver on the basal plane of highly oriented pyrolytic
graphite (HOPG) was tested. Using scanning electrochemical cell microscopy
(SECCM) authors showed that nucleation occurred at the basal plane of HOPG.
The created nucleus grew via aggregative mechanism. It was simultaneously
moving along the surface and searching for the “anchoring point” (having the
lowest energy thus allowing the creation of a bigger particle). The growth stops
when the entropic gain of the free particle in bulk solution is greater than the
interaction energy between this particle and the HOPG substrate. At this point
the created particle is detaching from the surface. One can conclude that
surface defects are crucial to the mechanical stability of the resulting

electrodeposited material.

Besides layers and islands it is possible to form e.g. dendrites, powdered or
spongy deposits. Dendrites are protrusions growing under charge-transfer
control while electrodeposition of the rest of the cathode goes on under
diffusion control. They display a highly oriented three-dimensional structure,
growing and branching in well-defined directions. Formation of dendrites is
favored by decrease of concentration of deposited ions, increase of the
concentration of the supporting electrolyte or of the viscosity of the bath,
decrease of the temperature and/or stirring. Most common are dendrites of
Ag [26], Cu [27], Pb [28] (for others see [29]). Powdered deposits are formed
from dendrites which spontaneously fall apart during growth or can be

abrupted by mechanical action. This process is controlled by diffusion. The



1.2 Nanoparticulate deposit as a 3D nanostructure

morphology of the powder can be affected by electrolyte concentration,
stirring, temperature, galvanostatic or potentiostatic deposition modes. Spongy
deposits are structures with nanometric grains and filaments, obtained under
conditions of low nucleation rate. The mechanism of their formation is not
fully understood but it seems that the initiation of spongy growth is due to the
amplification of surface protrusions within the spherical diffusion layer
forming around each independently growing grain. Spongy deposits were
reported e.g. for ZnO [30], Cu [31], Ag [32] and Au. [33]

1.2 Nanoparticulate deposit as a 3D nanostructure

A three-dimensional island of deposited material which size is below 100 nm is
referred to as a nanoparticle (NP). One of the most important features of NPs is
their high surface area per volume unit. As a result they possess considerable
surface energy, what is one of the main causes of their different physical

properties compared to the bulk materials.

Metal NPs are potentially useful for catalysis [34], electronics, environmental
analysis and sensing [35], even in many biological and medical applications.
[36]. That is why the design of novel synthesis protocols is of interest to

researchers for almost two decades now.

In general NPs can be classified by their chemical composition, shape and
properties. They can be produced by a vast range of procedures which can be
grouped into top-down and bottom-up strategies (Fig. 3). The top-down
approach mainly consists of physical methods which allow generating
nanoscale assemblies directly from bulk materials. Typical examples are
micromilling and photolitography followed by physical vapor deposition. The
bottom-up methods start with molecular components which form more
complex structures via chemical reactions, nucleation and growth processes.
Different protocols allow producing NPs of different shapes such as spheres

[37], rods [38], prisms [39], flowers [40] etc. The representative example



relevant for this thesis is electrochemical deposition. With top-down methods
it is easier to control the shape of the final product, whereas the bottom-up
methodology often gives more control over the chemical composition of the
NPs.

Fig. 3 A schematic differentiation between top-down and bottom-up
methods of obtaining nanostructures.

1.2.1 Possible ways of electrodeposition of submicrostructures

Electrodeposition has become a very promising process used to synthesize the
so-called supported nanoparticles because of the many advantages of the
technique. These include possibility to tune up the properties of obtained
structures via simple changes of electrolyte or deposition parameters.
Moreover no need of further sample preparation is needed (e.g. no need of
removal of photoresists like in photolitography). It is also cost-effective
because the equipment used is relatively cheap and there is no need of work in
ultra-clean environment. What is very interesting, electrodeposition is also
used to precisely microfabricate surfaces to be used in the electronics and
microsystems industries. [41, 42] In the literature many reports can be found

about electrodeposition of different materials, e.g.:



1.2 Nanoparticulate deposit as a 3D nanostructure

- metals, such as Ag [26], Au [43], Ni [44], Co [45], Pd [46], Pt [47], and
others [48];
- alloys (e.g. Cu-Pd [49], Sm-Co [50] etc.);

- composite materials [51] or

oxides/chalcogenides. [52]

The process of electrodeposition needs proper conductive material which can
be used as a working electrode. The most commonly reported substrates are:
gold [53, 54], glassy carbon [55], highly oriented pyrolytic graphite [44], carbon
nanotubes [56], indium- [57] or fluoride-doped tin oxide [58], etc. [59, 60]
These can be pretreated e.g. with silica layer [61] or polypyrrole. [62] It is
possible to deposit structures from aqueous solutions [63], from organic [48]
or eutectic solvents [64] or from ionic liquids. [65] To obtain desired shapes
researchers are using templates [66-68] or additives (e.g. surfactants [69],

aminoacids [70] or polymers [71]).

It is possible to electrodeposit nanoparticles in two- [26, 72, 73] or three-
electrode systems. In the latter arrangement one can find potentiostatic [74] or
potentiodynamic methods [75] as well as chronoamperometric [76] (single [77]
or double pulse method [78, 79]), chronoculometric [80], chronopotentiometric
[81] methods, etc.

Given such a vast range of possibilities this thesis can not cover all of them.
The review will be focused only on electrodeposition of gold and silver

structures and will give a more detailed representation of some relevant cases.



1.3 Electrodeposition of silver and gold submicrostructures
- state of the art

Control over the morphology of electrodeposited structures can be tuned in

two main ways: physical or chemical.

The physical means include control over the stirring, temperature, pressure
and all electrochemical parameters like potential or current density. Among
the chemical factors one can mention the choice of the substrate and its
pretreatment and the composition of the deposition bath. A careful selection
of the precursor and the reducing agents is crucial for proper control over the
nucleation and growth of the deposited structures. Moreover, it can determine

whether the deposit will be strongly bound to the substrate surface or not.

1.3.1 Physical methods of control over the morphology

All the nucleation and growth models described in Section 1.1.2 assume that
the nucleation and growth are occurring under supersaturation conditions and
the growth is only diffusion-controlled. Forced circulation (like stirring [82] or
the use of arotating disc electrode as substrate [83]) is needed when the
electrodeposition process occurs e.g. with low concentrations of metal salts.

The main reason is to avoid growth of dendritic structures.

Mostany et al. [84] showed that the changes of the reaction temperature induce
changes in surface energies and in activation energies for nucleation. Ramirez
et al. [85] established that with the increase of the temperature a smaller
overpotential was needed to initiate the electrodeposition of Ag onto GC

electrodes.

Morphology of the deposit differs with the change of used technique. In
single-pulse potentiostatic methods only one value of the cathodic potential is
set. The morphology of the deposit is tuned (physically) by changing the time

of deposition or the pulse potential. The double-pulse method is characterized

10



1.3 Electrodeposition of silver and gold submicrostructures - state of the art

with two pulses at different potentials E; and Ez lasting for times t; and t
(usually tz<< tz), respectively (see Fig. 4). The first pulse is called the
nucleation pulse. The nuclei are created only when E; is lower than the critical
nucleation potential (E«). The second pulse is the growth pulse. The potential
Ez of this pulse is more positive than Ecq (So no further nucleation can occur)
but is still below the reduction potential of the deposited metal allowing the
nuclei to expand. [86] The morphology is tuned by varying the pulses
potentials and/or their duration. Sandman et al. presented a systematic study

of Ag electrodeposition on ITO by means of the double-pulse method. [87]
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Fig. 4 Scheme of potential steps in the double-pulse method.

According to this research the more negative the nucleation potential and the
longer the growth pulse the narrower size distribution of deposited particles
will be. It can be seen that the number of created nuclei depends on the time of
nucleation, tz. This phenomenon is called progressive nucleation mechanism. It
is opposite to the instantaneous nucleation mechanism where all the possible
nuclei are created at the same time and are only growing over time. Moreover

in the examined system the minimum nucleation time was determined to be

11



40 ms. The authors also showed that increasing the time t2leads to a decrease
in the surface coverage. It is caused by destabilization and dissolution of
particles smaller than the critical radius of the nucleus which lies in a growing

region of reduced concentration of active species around growing nucleus.

Useful comparisons of the single- and double-pulse methods can be found in
[88] and [89].

One of many successful uses of the chronoamperometric method was
described by Li and Shi. [62] The authors showed the Au electrodeposition with
control of the shape under constant current density conditions. The structure
depended on the current density and the deposition time (adequate to the
charge density). Increasing the time of deposition for low current density
(0.125 mA cm2) changed the shape of the deposited structures from big,
flower-like structures to a flat film. When high current density was used
(1.2 mA cm2) the shape changed from small pinecones, through dense, rod-like

structures to vertical nanosheets.

Ivanova and Zamborini [90] used a chronoculometric method to assure equal
amount of gold electrodeposited on ITO under different potentials. They
showed that the average AuNPs size increased with increasing deposition

potential (see Fig. 5).

Potentiodynamic methods are mainly used to establish the reduction potential
of metal in chosen baths. [87] Only a few groups, e.g. the group of Di or the
group of Kerman, reported using cyclic voltammetry (CV) to electrodeposit
gold nanoparticles on ITO. The plating bath presented by the group of Di
contained potassium dicyanoaurate(l) and phosphate buffer solutions (pH 7.4
to 8). The potentials were measured vs. saturated calomel electrode (SCE) with
Pt wire as counter electrode. CV was performed in different regimes in range
from -0.2 V to -1.3 V (see Fig. 6B) for 20 cycles at 50 mV s'1. The temperature of
the reaction was 25°C in [91] or 50°C in [92-94]. A successful attempt was done
to electrodeposit AuNPs from an environmentally friendly solution using CV.
[95]
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1.3 Electrodeposition of silver and gold submicrostructures - state of the art

Fig. 5 SEM images of AuNPs deposited on ITO-covered glass at
different potentials (vs. Ag|AgCl): (A) -0.2V, B) 0V, (C) 0.2V, (D)
0.4V, (E) 0.6V, (F) 0.8 V. The inset in F shows bare ITO-covered glass
(scale bars represent 50 nm). Source: [90]

The bath contained chloroauric acid, potassium chlorate and phosphate buffer
pH 2. The authors tested the influence of various numbers of deposition
cycles, different potential ranges, various temperatures of the reaction and
various concentrations of chloroauric acid. The effects were studied with
UV-Vis spectrophotometry (see Fig. 6). Besides the aforementioned
characteristics of deposits, Hu et al. do not show any relationship between the
morphology and properties of the NPs and e.g. the potential scan rate or pH of

the solution.

The group of Kerman showed in 2014 electrodeposition of AuNPs on ITO from
baths containing solution of HAuCls in phosphate buffer with varying
concentrations of KCI. [96] They applied CV in a range of potentials -1 - 1.15 V
vs. Ag|AgCl at potential scan rate of 0.1V st for 5 to 30 cycles. The
as-deposited bumpy AuNPs were applied to detect DNA hybridization by
means of localized surface plasmon resonance and electrochemical impedance

spectroscopy.
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Fig. 6 UV-Vis spectra of AuNPs fabricated at various conditions in
CV: (A) different number of cycles, (B) different potential ranges, (C)
different temperatures, (D) different concentrations of chloroauric
acid. Source: [95]

1.3.2 Chemical methods of the morphology control

There are three main ways to chemically influence the morphology of the
deposit. The most basic one is proper selection of the substrate. Although
Sakai et al. [97] and Gao et al. [70] showed that the deposits obtained at ITO
electrodes as well as at glassy carbon (GC) electrodes under the same
conditions are very similar, such reports are in a minority. The commonly
accepted view is that the substrates morphology directly influences the
morphology and crystallinity of the deposit. [98]
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1.3 Electrodeposition of silver and gold submicrostructures - state of the art

Another way is the pretreatment of the substrate, whether it is with the use of
a template or an “interacting” layer. Templates make it possible to obtain
structures of controlled size, shape and distances. Probably the most popular
template is anodized aluminum oxide (AAO). [77] The AAO is an easy-to-
produce array of nano-pores with high aspect ratios, assembled hexagonally.
The material is deposited inside the pores and afterwards the template can be
dissolved with no harm to the deposits. Other frequently used templates are
silica microspheres [99], track etched polycarbonate membranes [66] or
ionic-track membranes. [100] As “interacting” layers metals or polymers can be
used. Hernandez-Santos et al [101] showed a study of the influence of
different metals deposited at carbon paste electrode on the morphology of
subsequently deposited AgNPs. According to those results layers of Co, Pd, Pt
or Cu accelerated the Ag deposition by changing the reduction potential of Ag
to less negative values. Among the polymers used to cover the substrate can be
mentioned e.g. poly(3,4-ethylenedioxythiophene) (PEDOT) or polypyrrole. As
the EDOT polymerizes in a regular way, forming a well-oriented, spiderweb-like
structure, it was reported to provide a uniform distribution of the
electrodeposited Ag structures on a polymer-covered ITO surface. [80] Li et al.
showed that Au nanoparticles electrodeposited at polypyrrole films tend to

aggregate and form 3D structures. [62]

The last way to chemically influence the electrodeposition process and the
obtained structures is the composition of the bath. Every bath contains

ingredients which serve at least one of the following functions:

- to provide a source of the metal or metals being deposited;

- to form complexes with ions of the depositing metal;

- to provide conductivity;

- to stabilize the solution e.g. against hydrolysis;

- to act as a buffer to stabilize the pH;

- to modify or regulate the physical form of the deposit;

- to aid in dissolving the anodes (in case of the 2-electrodes system);

- to modify other properties, either of the solution or of the deposit,

adequate to the specific case.
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The two most fundamental components are the metal precursor (salt, acid or
ionic liquid) and the solvent. According to Zheng et al. [76] a lack of supporting
electrolyte is crucial to obtain silver nanowires (without using any template)
and dendrites. The authors emphasize that nanowires were produced on HOPG
electrodes from very diluted solutions (0.1 - 1 mM of aqueous AgNO3). With
increase of the Ag salt concentration the morphologies changed to dendritic. In
classical electrochemical experiments a supporting electrolyte should be added
to reduce the resistance of the solution. In this study the addition of 0.1 M
KNOs3 resulted in the deposition of uniform grains. Other reports about
electrodeposition without supporting electrolyte include the work of Gu et al.
[72] and the work of Tang et al. [73] Both groups showed direct-current
electrodeposition of Ag structures in 2-electrodes system from aqueous
solutions of AgNOs. In these cases it can be seen that the change of the
morphology of deposits to dendritic was induced by the change of the

electrodeposition potential (see Fig. 7).

The choice of the proper metal precursor gives control over the stability of the
metal cation in the bath thus over the uniformity of the deposit. Some metals,
like gold or silver, are not stable in hydrated form but their stability increases
when they are complexed by a ligand. For example the cyanide ion, CN-, is
a common ligand forming complexes with both Ag and Au. For Ag ion
complexed by other ligands the stability order is AgBFs+ > AgClOs > AgNOs.
[102] This is the primary reason of the popularity of the cyanide and
perchlorate baths for electrodeposition of gold and silver structures (for
references for using cyanides see e.g.: [78, 91, 93]; perchlorates applications,
e.g.: [103, 104]). Unfortunately those compounds are toxic and need special
treatment before waste can be disposed to the environment. [105] More
environmentally friendly precursors, like AgNO3 and HAuCls are also often

used [62, 77, 95, 106, 107] in most of the cases with citrate ions as ligands.
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1.3 Electrodeposition of silver and gold submicrostructures - state of the art
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Fig. 7 SEM images with different magnifications of Ag crystallites
prepared by the electrochemical process at different applied
potentials for 30 min: (a-c) -0.4 V, (d-f) -1 V, and (g-i) -2 V. Decrease
of the deposition potential caused change of the morphology of the
deposits toward dendritic structures. Source: [72]

1.3.2.1 Citrate ion reduction method

The citrate ion reduction method was introduced by Turkevich in 1951 to
produce colloidal gold. [108] It involved the reaction of small amounts of hot
chloroauric acid with small amounts of sodium citrate solution. As a result
10-20 nm nearly spherical nanoparticles with good monodispersity were
formed. This method is also suitable for production of silver nanoparticles
however of larger size (60 - 200 nm) and of wide range of shapes. [109] The
mechanism of metal reduction with citrate ions has been studied for a long

time. Turkevich as the first postulated that before the gold nuclei will be
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created the oxidation of citrate should take place. Species like
dicarboxyacetone (one of the products of the citrate oxidation) act as
multidentate ligands being crucial for production of clusters of Au(l) from
Au(II). In the 1990’s Chow and Zukoski demonstrated that in the initial phase
of the reaction large gold aggregates are formed as a result of Au(Ill) reduction
by citrates. During the course of the reaction those aggregates fall apart
appearing as small monodisperse nanoparticles. [110] After careful
electrochemical studies the group of Liz-Marzan postulated that the rate
limiting step of the reaction is the reduction of Au(l) to Au(l). [111] It is
important to highlight that the reactivity of both the citrate and auric species
is pH-dependent. When the pH of the initial reaction mixture is high the AuNPs
are formed slowly via the nucleation-growth pathway. Meanwhile at low pH the
reaction rate is faster and the particles are created through the nucleation-
aggregation-smoothing mechanism. [112] Basing on those and many other
results Ojea-Jimenez and Campanera proposed mechanisms of the reduction
of Au(Ill) by the oxidation of the citrate in mediums of various pH values. [113]
The authors explain that the different reaction rates at different pH are caused
by particular protonation state of the citric acid and the different number of

OH- ligands inserted into the Au(Ill) complex.

In response to the demand for environmentally-friendly approaches the citrate
reduction method was adopted to electrodeposition. The as-obtained deposits
are similar in their properties to those produced with cyanide baths - they are

compact and homogeneous.

Zarkadas et al [83] studied the influence of citric acid on silver
electrodeposition from aqueous solutions. Their results are consistent with the
aforementioned conclusions for bulk NP preparation - to tune the
characteristics of the deposits one has to modify the concentrations of AgNO3

and/or citrate ions and control the pH of the deposition bath.
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1.3 Electrodeposition of silver and gold submicrostructures - state of the art

Besides the control over the pH, to assure the defined properties of the
deposits various compounds are added to the plating bath. Kaniyankandy et al.
[26] reported that addition of ammonia to the plating bath drastically changed
the Ag* reduction potential resulting in Kkinetic anisotropy of the
electrodeposition process and thus in formation of dendritic structures. The
tuning of the morphology (modifying the crystallite sizes and formation of
branched nanodendrites) was done by change of the NH3s concentration. To
delay the dendritic growth e.g. boric acid can be used. [104] To reduce the
grain size of deposits in aqueous solutions Gomez et al. [104] used sodium
gluconate and El-Deab used iodide ions (they also increased homogeneity of
the deposit) [98] whereas in ionic liquids Schaltin et al. [13] showed usefulness
of thiourea and benzotriazole (see Fig. 8). There are reports about using citrate
ions [76] or ethylenediaminetetraacetic acid (EDTA) [114] to obtain smoother
coatings. To create the Au or Ag deposit with specific crystallographic
structure one can use polyvinylpirrolidone (PVP). This polymer specifically
binds to the <111> plane of crystal, blocking it and preventing ions deposition
on it. [71] Another often used additive is L-cysteine. According to El-Deab et al.
its effect depends on the type of the substrate used. For example on clean
HOPG cysteine gives perfect spherical shape of AuNPs [98], on GC AuNPs grow
along the <111> crystalline orientation while on ITO they are bumpy and
rough. [97]

Fig. 8 AFM topologies of silver deposits obtained with (a) no
additive, (b) thiourea, (c) 1H-benzotriazole. Source: [13]
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Aside from the use of the classical two-phase system (substrate + bath) one
can tune the properties of the deposit by changing the number of phases.
A good example, shown by Kaminska et al. [115], was obtaining stripe-like
deposits at the three-phase junction electrode | aqueous solution | ionic liquid.
Another proposition was from Fu et al. [116] who electrodeposited AuNPs from
a water-in-ionic  liquid microemulsion. An alternative way is
co-electrodeposition of bulk-prepared nanoparticles with silica sol-gel as made
by Toledano and Mandler. [117]

1.4 Optical properties of metallic nanostructures

By controlling the material, size and shape of NPs it is possible to tune their
optical properties - absorption, refraction and/or scattering of electromagnetic

waves. [118]

It was already known in ancient times that addition of some metal salts to
glass can give an astonishing effect. The perfect example is the Lycurgus Cup.
It is a vessel probably made in Rome in the 4th century AD. [119] It was made
of a dichroic glass, which shows a different color depending on the light
reflection - when lit from behind the glass turns red and if lit from the front it
turns green. Moreover, when various liquids fill the cup it can also change the
color. The reason for this phenomenon is the presence of colloidal gold and
silver nanoparticles of size ~70 nm [120] which enables the surface plasmon

resonance effect.

According to the Drude model [4], introduced over a 110 years ago, metals are
composed of mobile “free” electrons and the lattice of stationary cations. It is
known that when the metal surface is irradiated with electromagnetic wave
(light) of the appropriate frequency, those “free” electrons start to oscillate
coherently. This oscillation of the conduction electrons is called a plasmon
(because of its similarities to electronic plasma oscillations observed in

gaseous discharges) and it can be described as fluctuations of the surface
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1.4 Optical properties of metallic nanostructures

electron density. [121] This is one of the effects resulting in colors seen by the
human eye. The frequency of the oscillation is a characteristic feature of the
metal. If it is slower than the frequency of incident visible light, the light is
reflected and metal appears to shine. If it is faster than this frequency, the
light is transmitted. If the electronic interband transition occurs in the visible
range, specific light energies (colors) are absorbed and, as aresult, it is
possible to see characteristic color (e.g. blue for absorbed light wavelengths of
400-500 nm or red for 600-700 nm).

When we are considering the structure with small roughness, so a bulk metal
or a thin film, plasmons can propagate along the surface (metal - dielectric
interface) and evanescently decay perpendicular to the plane. This
phenomenon is called the surface plasmon resonance (SPR). [122] However
when we are looking into nanostructures with size less than the wavelength of
incident light, the plasmon is localized directly on the surface of the NP and
we are dealing with the localized surface plasmon resonance (LSPR). The
difference is clearly seen when comparing the bulk gold, which is yellow, with
gold nanoparticles which color ranges from red to blue. The color of
a suspension of nanoparticles (or particles on a surface) is caused by
adsorption of a very narrow range of light highly localized around a metal
particle. The coherent oscillation of the electrons due to adsorption of the light
with the proper frequency cause the local enhancement of the electromagnetic
field near the particles surface. This enhancement is the greatest in places
called hot spots - sharp tips of particles, inside gaps between particles
(plasmon coupling) or between particles and a substrate (see Fig. 9). [122] What
is very important, those field enhancements decay rapidly with distance from
the nanoparticle surface. Moreover the particles’ optical extinction displays
a maximum at the plasmon resonance frequency (in the range of visible light
for noble metal particles). A change of the AuNPs color from red to blue
depending on their size is a direct evidence of the size dependence of the

plasmon resonance frequency. [123]
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Fig. 9 Metal nanoparticles dispersed on a dielectric substrate.
Creation of hot spots occurs in the gap between metal particles (a)
or between particles and the substrate (b). Source: [124]

Typically the strongest plasmon resonances can be found in metals which are
close to the Drude model. These are silver, gold, copper, platinum and
aluminum with their relatively high conductivity and slight interband
transitions in the visible region of the electromagnetic spectrum. Also alkali
metals would be suitable if they would be easier to work with (e.g. work with
Na needs water-free environment and work with Li needs oxygen-free
environment). Furthermore, a great impact on the plasmon resonance has the
local environment of the nanostructures - either the solvents refractive index

or the adsorption of some species to the NPs surface. [118]

As a quantitative description of this phenomena the Mie theory is often used,
which is an analytical solution of Maxwell’s equations (for particles of
spherical and cylindrical symmetry). [125] Considering a sphere with

dimensions in the range of the wavelength of the incident light (a ~ A), the
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1.4 Optical properties of metallic nanostructures

extinction* cross-section, E(A), of the sphere can be estimated by the following
equation:

24m2a3
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where &n is the dielectric constant of the medium surrounding the sphere and

& and & are the real and imaginary portions of the spheres dielectric function,

respectively.

From this simple estimation, it can be seen that the extinction of a single

sphere depends on its size (a), material (&, &), and the surrounding
environment (&m). For non-spherical particles the cross-section also depends

on the geometry, and then the substitution of 2 &y with y&mis needed, where y
contains information about the shape and aspect ratio of a particle of non-
spherical geometry. Typically, to solve Maxwell’s equations for those more
complicated geometries in various dielectric environments, numerical methods
are used. [126, 127] The important limitation of this theory is the assumption

of noninteracting metal spheres.

For objects with sizes much lower than the wavelength of the incident light the
Rayleigh scattering theory is used. Here the scattered intensity (0s) varies

inversely as the fourth power of the wavelength according to the equation:

2
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where d is a diameter of scattering particle, n - its refractive index,

A - wavelength of unpolarized incident light.

* The scattering and absorption are jointly called extinction.
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1.4.1 Applications of the Localized Surface Plasmon Resonance

The simplest use of LSPR is sensing the changes of the refractive index (RI) in
the metal NPs environment. It is done by following the change in the resonance
wavelength on UV-Vis spectrum. According to the Drude model the relation
between the resonance wavelength shift and the refractive index is linear in
small ranges of refractive indices. [128] The sensitivity towards changes in RI
differs depending on the metal and shape of the used NPs (see Table 1 below).
[129]

Since the enhancements due to LSPR decay rapidly with distance from NPs
surface, shifts of resonance wavelength caused by RI changes are sensed only
in a direct vicinity to the NPs. Thus LSPR seems to be the perfect tool to
observe short-distance molecular interactions. A model system used to study
biomolecules interactions is the biotin-streptavidin couple. [130, 131]
Streptavidin is a tetrameric protein which creates with biotin molecules one of
the strongest non-covalent interactions known in nature. As shown by Haes
and Van Duyne, exposure of biotin-functionalized Ag-nanotriangles to
a 100 nM solution of streptavidin caused 27 nm shift of the resonance

wavelength. The system had a limit of detection in the range of 1 pM. [132]

Another possible way of sensing using LSPR was shown in 2012 by Park et al.
The resonance wavelength changed upon addition of sulfides to
Au-core@Ag-shell nanocubes where S% ions reacted with Ag creating a stable
Ag2S shell (see Fig. 10). This system could detect sulfides in water with limit of
detection of 10 ppm. [133]
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1.4 Optical properties of metallic nanostructures

Table 1 Refractive index sensitivities obtained for different Au and
Ag nanostructures. Source: [129]

Size }\max Sensitivity
Nanostructure

(nm) (nm) (nm RIU)
Au nanospheres 13, 15, 30, 50 520 76,44, 71, 60
Au nanorings 75 -150 1058 - 1545 880
Au nanocubes 44 538 83
Au

) ) 27 - 189 645 - 1096 150 - 540

nanobypiramids
Au nanostars 100 647, 700, 783 879
Ag nanospheres 40 - 90 400 - 480 160
Ag nanoprism 55-120 600 - 700 200 - 350
Ag nanocubes 30 430 1569

Other example of using colloids in LSPR detection was shown by Lesniewski
et al. [134] In their setup AuNPs were functionalized with specific antibodies to
selectively detect T7 bacteriophages. Due to the interaction of many antibodies
with single bacteriophage the aggregation of AuNPs occurred. The result was

a change of color of the solution from red to purple visible with the naked eye.

A different example of taking advantage of the plasmon resonance is the
photothermal effect. When the plasmon resonance is triggered with the laser
radiation of a specific wavelength a photothermal conversion occurs (exchange
of the photon energy into heat energy). This phenomenon allows for very
rapid, localized heating with high selectivity. It can be used instead of
lithography or etching to create conductive lines and nanostructures like

periodic holes or gratings. [135]

The sensitivity of plasmon coupling to the distance between nanostructures
was used to develop a so-called plasmonic molecular ruler (PMR). [136] The
group of El-Sayed showed that the interparticle plasmon coupling strength
decays nearly exponentially with a decay length (for polarization of incident

light along interparticle axis). Thanks to that PMRs can be used to measure the
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size of biomolecules in a label-free manner and to measure realtime molecular

conformation changes and binding events in a distance up to ~70 nm. [137]

Fig. 10 Sulfide sensing system described by Park et al. Top panel -
synthesis of Au-core@Ag/Ag2S-shell nanocubes; bottom panel -
photographs of aqueous dispersions of synthesized nanocubes
upon addition of increasing amount of SZ- ions. Source: graphical
abstract of [133]

Localized surface plasmon resonance is also used in many spectroscopic
techniques to enhance the signal. For example, when the molecule adsorbed on
the nanoparticle has an absorption band overlapped with the LSPR, resonant
energy transfer occurs between the metal and the molecule. In consequence
plasmonic resonance energy transfer (PRET) is observed. It can be applied to
detect metal ions [138] or bioimaging of molecules inside the living cells. [139]

Plasmonic enhanced fluorescence (PEF) acts on the same basis - the absorption
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and scattering spectra of the metal NPs should overlap with the absorption
and emission spectra of fluorophore adsorbed on the NPs. Such sensors were
successfully used e.g. to imaging prion proteins in living cells. [137] Moreover
the same energy transfer between metal and adsorbed molecule has

a contribution in surface-enhanced Raman spectroscopy.

1.4.2 Surface enhanced Raman spectroscopy

The Raman effect occurs when the incident light is scattered inelastically due
to the interaction between the wave and the dispersing molecule. The change
of energy of the scattered photon can be positive or negative (see Fig. 11).
When the photon loses its energy it is called Stokes scattering. When it gains

energy it is called anti-Stokes scattering. [122]

Fig. 11 Schematic representation of three types of light scattering
for small particles and molecules: Stokes, when photon loses energy,
Rayleigh, when the energy of the photon stays unchanged and
anti-Stokes, when the energy of the photon increases.
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Raman spectroscopy gives information about the rotational and vibrational
structure of the examined substance. It is very specific for every compound
that changes its polarity due to the excitation and thus Raman spectra are

called the spectroscopic “fingerprint”.

As only one photon per million [129] is scattered inelastically one can call the
Raman spectroscopy inefficient. In response several improvements have been
introduced. The simplest method to enhance the signal is to illuminate the
sample with the light which frequency is close to an electronic transition of the
examined molecule. Using so-called Resonance Raman Spectroscopy (RRS), one
can obtain an increase of the signal of up to 6 orders of magnitude. [140] Even
greater improvement can be achieved with Surface Enhanced Raman
Spectroscopy (SERS), where, thanks to the plasmon resonances of metal
nanoparticulate substrate, it is possible to obtain even 14 orders of magnitude

stronger signal. [141, 142]

In the 1970’s Fleischmann, Hendra and McQuillan were studying pyridine with
Raman spectroscopy. The molecule was adsorbed on the electrochemically
roughened silver. The obtained Raman signals were surprisingly strong and
depended on the potential of silver roughening. [143] In 1977 two mechanisms
of the enhancement of observed Raman signals were proposed:
electromagnetic by Jeanmaire and Van Duyne [144] and chemical by Albrecht
and Creighton. [145] The electromagnetic enhancement originates from the
amplified local electromagnetic field (E) in plasmonic nanostructures. [146]
The chemical enhancement is derived from charge transfer between plasmonic

nanostructure and adsorbed molecule of interest. [137]

Thanks to the development of nanotechnology in 1997 it was possible to study
single molecules with SERS. [147] The main difference between metallic
substrates used for “normal” SERS and SERS of single molecules is the
homogeneity of obtained enhancements within the substrate - for single
molecules it is important to have very high local enhancements while for
“normal” SERS whole substrate should give enhancement in the same order of
magnitude. In general, efficient SERS substrate should have a developed
surface (to assure large amount of adsorbed molecules) and work with suitable

laser wavelength (to be as close as possible to the plasmons resonance region).
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Moreover it should be non-toxic, disposable, mechanically and chemically

stable. Thus the most common substrates are made with silver (for the lasers

of wavelength below 600 nm) and gold (for the lasers of wavelength longer
than 600 nm).

To evaluate the level of enhancement the enhancement factor (EF) was

introduced. [148] It corresponds to the proportion of signals obtained in SERS

and Raman experiments (with the same power and wavelength of the laser). In

the literature there can be found three types of EF:

analytical enhancement factor (AEF) is perfect for describing SERS in
metal colloids, because it connects the enhancement with the

concentration of the analyte;

I
SERS/CSERS

]
RS /CRS ’

AEF = (5)

where Isers and Irs are intensities of the signal obtained in SERS and
Raman experiments, respectively, csers and crs are the concentrations of

analyte used in SERS and Raman experiments respectively;

SERS substrate enhancement factor (SSEF) takes into account only
molecules adsorbed directly on the surface and it is considered the

most adequate evaluation of substrates;

ISERS /
Nsurf

SSEF = —L=>vf

Nyoi

(6)

where Isers and Irs are intensities of the signal obtained in SERS and
Raman experiments, respectively, Nvol = crsV is the average number of
particles in the scattering volume V during the Raman experiment while
the Nsurf is the number of molecules adsorbed on the surface in the SERS

experiment;

single-molecule = enhancement factor (SMEF) describes local
enhancements and takes into account orientation of the molecule on the

surface and orientation of the surface relative to the polarization of the

29



light, thus is used more often in theoretical than experimental
calculations; it is the ratio between the intensity of the signal for
a single molecule in SERS experiment and average intensity of the signal

from Raman experiment recalculated for one molecule:

ISM
SMEF = S5£8S (7)
(Izs )
Moreover, if the experiment is conducted with the laser wavelength in the
range of the resonance of the probe molecule and the probe molecules

self-assemble to the monolayer than the equation for the EF looks as follows:

EF _ ISERRSCRRS (8)

IRRSCSERRS

1.4.3 Electrodeposited Ag- and Au-based platforms used in LSPR and SERS

As was stated before, electrodeposition protocols allow tuning the morphology
of deposits. This possibility was exploited by many authors to obtain
nanoparticles with tailored optical properties. Suitability of developed
platforms to LSPR is most frequently presented with the example of response
to different refractive indices of solvents [77, 95, 149-153]. Deng et al. (from
the group of Di) showed a strategy to improve the refractive index sensitivity
of electrodeposited AuNPs by covering them with a thin film of Ag. [152]
Spherical AuNPs were obtained by CV in acidic phosphate buffer solution of
HAuCls (60 cycles at potential scan rate of 50 mV s! in a potential range
0.3 --0.5 V vs. SCE). The Ag film was deposited from 20 mM aqueous solution
of AgNOs in a potential range 0.3 - 0 V at potential scan rate of 50 mV s'1. The
thickness of the Ag film was tuned by changing the number of scans in the CV.
Along with the change of the shell thickness, the RIS value changed. The group
obtained a 76% improvement of RIS (compared to bare AuNPs electrodeposited
on ITO) with applying an Ag shell of 0.7 nm (20 scans of CV) resulting in a RIS
of 127 nm RIU-l. This system was also used to study biotin-streptavidin

interactions. The Au-core@Ag-shell structure was functionalized with biotin
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and the shift of the resonance wavelength upon addition of streptavidin was
recorded. A linear response was obtained in the range 1010 - 10® M of
streptavidin showing the effectiveness of such systems in the detection of
molecular interactions. The biotin-streptavidin model was also used by e.g.
Hu et al. [95]

Electrodeposited Ag-Au alloys were also suitable to detect mercury ions in
aqueous solution in the range 0.05 - 500 ppb. [154] To obtain NPs Di’s group
applied CV in a potential range 0 - -0.9 V vs. SCE at a potential scan rate of
50 mV s1 for 30 cycles resulting in spherical particles. The resonance
wavelength of the obtained NPs was tuned by changing the Ag:Au ratio. During
the detection of mercury ions the resonance wavelength shift was caused by
reduction of Hg2+ ions by Ag atoms from Ag-AuNPs and creation of

amalgamate on the surface of the NPs.

LSPR on electrodeposited bumpy AuNPs was also shown for DNA hybridization
to detect specific gene mutations. [96] Other studied specific interactions
include, among others, antigen-antibody interactions (performed on
twin-linked AuNPs) [155] or lectin-carbohydrates interactions (performed on
nanostructured gold film). [153] Apart from the works of Dang et al. [152] and
Tao et al. [154], where silver is only a part of the used system, there are only
few reports about using Ag-based electrodeposited sensors in LSPR. [77, 156,
157] The majority of the works were done on Au-based platforms, probably
due to the higher stability of AuNPs.

In case of SERS the use of platforms prepared by means of electrochemistry is
historically justified since the first SERS spectrum was recorded on
electrochemically roughened silver electrode. [143] Nowadays to show the
usefulness of electrodeposited platforms in SERS many different dyes are
used, like rhodamine (B [73] or 6G [78, 79, 158]), crystal violet [159] or brilliant
cresyl blue. [80] Other SERS probes reported are, among others,
mercaptobenzoic acid (MBA) [75] and 4-aminothiophenol. [160, 161] SERS is
used to study and/or detect important molecules like adenine on Ag

nanoflowers [79, 161], formaldehyde on Au nanodendrites [162], methyl
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viologen (a herbicide) on electrochemically roughened electrodes [160] or
neurotransmitters on spherical AgNPs. [57] Moreover SERS can be used to
investigate the electrodeposition process like shown by Bozzini et al for
electrodeposition of Ag-Au alloys. [163] One can also find reports on
systematic investigation of the electrodeposition process on the SERS
efficiency, e.g. by Du et al. about the enhancement dependences on diameter
and aspect of Ag-nanowires fabricated with AAO templates [164] or by Tang
and Meng showing the dependence of SERS activities on the morphology of
obtained nanoflowers (see Fig. 12). [73] Electrodeposited platforms were also
useful in single molecule SERS of 4-merctaptopyridine [165] or porphycene.
[166]
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Fig. 12 SERS spectra probed with 10-¢ M Rhodamine B adsorbed on
the respective flowerlike silver particles shown on the right.
Source: [73]
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1.5 Conclusions and goal of the work

1.5 Conclusions and goal of the work

Electrodeposition allows the growth of particles of defined size, shape and
properties in a very precise and cheap manner. With the development of the
research techniques it is possible to better understand and take advantage of
all the processes comprising the electrodeposition phenomenon - from the
metal ion complexation to the nucleation and growth of the supported

nanostructures - gaining tailored properties of as-prepared deposits.

There are two basic ways to tune the features of the obtained structures:
physical (control of the temperature or electrochemical protocol) and chemical
(proper choice of the substrate or the solutions composition). The current
work is focused on using environmentally-friendly reducing agents replacing
cyanides and perchlorates. One of the most promising candidates are citrate
ions, which so far have been only used in combination with potentiostatic

protocols.

The literature review showed that using potentiostatic electrodeposition
procedures it is possible to produce NPs with a limited size distribution, but
the obtained coverage densities are not satisfactory. Thus potentiodynamic
methods were chosen, specifically cyclic voltammetry. Such approach grants
the possibility of tuning the number of nucleation and growth steps (with the
number of cycles used) as well as the relaxation time of the system (with
changing the scan rate). This time is needed for the metal ions to diffuse from
the bulk of the solution to the reaction zone near the working electrode.
Moreover the use of the citrate ligand was preferred because of its

harmlessness and lack of reports about usage in potentiodynamic methods.

It was shown in the literature that electrodeposited platforms are used in both
LSPR and SERS studies. The majority of those experiments were performed on
Au-based platforms. Only few reports described using Ag- or Au-based
platforms made by means of cyclic voltammetry (e.g. Au-based LSPR sensor
described by Hu et al. [95]).
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The aim of this work was to obtain platforms built of ITO electrodes and
properly distributed monodisperse NPs of gold and silver resulting in high and
narrow peak in the UV-Vis spectrum (which should result in high refractive
index sensitivity) and/or SERS enhancement factor above 10> for 4-ATP as
amodel probe molecule. Moreover all experiments should be performed in
agreement with the principles of “green chemistry” - using environmentally-

friendly reagents and causing low energy consumption.
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Chapter 2

Methods and materials

2.1 Methods

2.1.1 Voltammetry

Voltammetry is a group of electrochemical techniques where the change in the
current flowing through the working electrode is observed while its
polarization is varied in time. The polarization of the working electrode is
tuned linearly. In a typical experiment using linear sweep voltammetry
(formally called linear potential sweep chronoamperometry) the potential of
the working electrode is changed from Ei to E: (see Fig. 13A). When the
potential reaches Es - the value specific for reduction/oxidation of the tested
compound - the electrochemical reaction begins and the current starts to flow.
The current value grows until the concentration of the reduced/oxidized
substance near the working electrode surface drops almost to zero (diffusion-
limited process). Then the current starts to decrease what is depicted as a peak
shape at the current-potential curve (see Fig. 13B). If the polarization is
reversed after reaching E: it is possible to inverse the electrochemical process
to oxidize or reduce the compound near the surface of the working electrode.
In such case the used technique is called the cyclic voltammetry (CV). If the
electrochemical reaction is reversible it is possible to perform an infinite
number of cycles. If the reaction is not reversible at some point there will be

no more substance to reduce/oxidize.



Fig. 13 A schematic representation of potential changes in time (A)
and resulting changes of current (B) in cyclic voltammetry. The
arrow shows the direction of the scan.

The setup needed for the voltammetric experiments is, in most of the cases,
a three electrode system consisting of working, reference and counter
electrodes. At the surface of the working electrode the electrochemical process
under investigation takes place. The reference electrode is the internal
standard to measure and control the potential of the working electrode.
Through the counter electrode passes all the current needed to compensate

the current observed at the working electrode.

All the CV experiments described in this dissertation were conducted in
a three-electrode system (see Fig. 14) with ITO as a working electrode. During
silver electrodeposition a platinum mesh was used as a counter electrode and
an Ag wire as a pseudo-reference electrode. For electrodeposition of gold
stainless steel vial was used as a counter electrode and Ag|AgCl wire as
a pseudo-reference electrode. Wires were used instead of a classical
Ag|lAgCl|I3 M KCI reference electrode to avoid accumulation of NPs at the
porous diaphragm. The surface of the ITO was masked with a scotch tape to

assure the repeatable area to be deposited on (20 mm?2).
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2.1 Methods

Fig. 14 A - A scheme of the setup used for electrodeposition of silver
submicrostructures; B - A photo of setup used for electrodeposition
of gold submicrostructures.

2.1.2 UV-Vis spectroscopy

Every matter interacts with the electromagnetic field - light can be absorbed,
transmitted and/or scattered. In the visible and ultraviolet range absorption
occurs when the energy of a single incident photon is equal to the gap between
the ground and an excited state of an electron at the valence shell. By
absorption of photon the atom gains energy and goes to the excited state. In
the process of relaxation the excess of energy can be emitted in form of

a photon having equal or smaller energy than the exciting one.

According to the Lambert-Beer law the intensity of the incident light decreases
after passing through the sample. The resulting intensity depends linearly on
the thickness and the concentration of the sample of interest and on its
scattering properties. In some cases this law is not fulfilled, e.g. when the
incident light is not collimated and monochromatic or when there is an
interaction between substance and solvent, e.g. dissociation or solvation
(different energies of solvation of excited states results in shifting of

absorption maxima in the spectrum). [167]
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A UV-Vis spectrophotometer is used to study the localized surface plasmon
resonance and the refractive index sensitivity of nanostructures of interest.
There are two basic systems used in spectrophotometers. The first one
consists of the light source (usually deuterium or xenon lamp), a tunable
monochromator, a place for sample and a detector (usually a photomultiplier
tube). Such a system measures each wavelength separately but it stands out
with low noise and high sensitivity. Second possibility is to illuminate the
sample with broadband light and split it to separate wavelengths just before
measurement on an array detector. The main advantage of this arrangement is
almost instantaneous acquisition of the spectrum. Both systems can be used as
single- or dual-beam. In single-beam setup the reference sample is measured
before the sample of interest. In the dual-beam setup the measurement is

simultaneous for both, reference and examined samples.

During experiments an Evolution 300 spectrophotometer from Thermo
Scientific was used. It is a double-beam, monochromator-based system
operating in the 190 - 1100 nm range of light. It has xenon lamp as a source of

light and a silicon photodiode as a detector.

2.1.3 Scanning electron microscopy [168]

Scanning Electron Microscopy (SEM) is a well-known and very popular imaging
technique. It is suitable for observation of heterogeneous organic and
inorganic materials in a scale of pm to nm in 3D-like images. SEM allows for

imaging of samples topography, crystallinity and composition.

The general scheme of work for the SEM microscope is always the same (see
Fig. 15). An electron beam is created and accelerated by an electron gun and
directed by a set of electromagnetic lenses. As a result a spot of approximately
10 nm diameter is created. The energy of the electron beam can be tuned in

the range of ca 0.1 - 30 keV. The beam is moved by the deflection coils line by
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2.1 Methods

line to create a raster image. As the beam interacts with the sample

a multitude of signals are generated at the same time.

Fig. 15 A scheme of a scanning electron microscope (source: [169])

The interaction volume depends on the beam energy and of composition of the
sample. The order of magnitude of its size is 10 nm in diameter and several
pm of depth. From this volume backscattered electrons (BSE), secondary
electrons (SE) and characteristic X-rays (among other) come. BSE and SE are the
most often used types of signals used to create a SEM image - to show the
topography, composition, crystal orientation, etc. Also frequently used to
reveal the compositional features are the characteristic X-rays created by the
Auger process. All those signals are collected by various detectors and

converted into an image by the computer equipment.
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In this work two scanning electron microscopes were used - Zeiss Supra and
FEI Nova NanoSEM 450.

2.1.4 Surface enhanced Raman spectroscopy

When an electromagnetic wave (laser) interacts with a molecule an electric
dipole moment can be induced. The created dipole oscillates along with
incident wave causing periodical deformation of the molecules. The
deformation is greater the bigger the polarizability (tendency of charge
distribution to be distorted by an external electric field) of the molecule of
interest is. Because of periodical deformation, the molecule starts to vibrate
with characteristic frequency. In consequence this oscillating dipole can emit

light of three different frequencies (see Fig. 11 in Section 1.4.2): unchanged

(Rayleigh scattering), increased by 1k, where Alkis the energy of the molecular

vibration, (anti-Stokes scattering) or diminished by 1k (Stokes scattering). The

Rayleigh scattering is predominant since only about one photon per million is
scattered inelastically (with change of its frequency). Thus to obtain high-
quality Raman spectrum it is necessary to filter scattered photons and exclude
those having frequency of the incident light. It can be done using notch filters
or spectrophotometers. The last part is detection performed using photodiode

arrays (PDAs) or charge-coupled devices (CCDs).

In the surface enhanced Raman spectroscopy the enhancement of the signal is
a result of the interaction between the molecule and, usually, the rough surface
of anoble metal. There are two proposed mechanisms of enhancement:
electromagnetic and chemical. In the first one the increase of the induced
dipole moment in molecules of the analyte is caused by locally enhanced
electromagnetic field (hot spots, see Section 1.4). In the latter one it is believed
that molecules of analyte increase their polarizability due to charge-transfer
effect and possible creation of chemical bonds between the molecule and the
used substrate. Both, normal Raman and SERS experiment can be performed

with the same setups.
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2.2 Materials

In described experiments Renishaw inVia Raman system was used. It was
equipped with a 632.8 nm HeNe laser and a 300 mW diode laser emitting at
785 nm. The light from the laser was passed through a line filter, and focused
on a sample mounted on an X-Y-Z translation stage with a 20x microscope
objective. The beam diameter for this objective was approximately 5 pnm. The
Raman scattered light was collected by the same objective through
a holographic notch filter to block out Rayleigh scattering. A 1800 groove mm-!
grating was used to provide a spectral resolution of 5 cm-!. The Raman

scattering signal was recorded by a 1024 x 256 pixel RenCam CCD detector.

2.2 Materials

Hydrogen tetrachloroaurate (III) hydrate was purchased in ABCR.

Silver nitrate, potassium nitrate, trisodium citrate dehydrate and lactose were
purchased in POCh.

L+ascorbic acid was purchased from Riedel-deHaén; formic acid, oxalic acid,
o-D-glucose, o-D-mannose, 4-aminethiophenol (4-ATP), poly(vinyl pirrolidone),
Mw~55000, epinephrine, dopamine, choline, acetylcholine, bovine serum

albumin (BSA), Lens culinaris lectin and Maackia amurensis lectin were

purchased from Sigma-Aldrich.
Ethanol, isopropanol, sulfuric acid and potassium iodide were from Chempur.

All reagents were used as received without further purification.

ITO coated glass (resistivity 8-12 {)/square) was from Delta Technologies.

Water was purified with an ELIX system (Millipore).
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2.3 Protocols

2.3.1 Electrodeposition procedure

The ITO electrodes were cleaned in an wultrasonic bath with ethanol
(15 minutes) and deionised water (15 minutes). Next, the ITO electrode
surfaces were dried with a stream of N2 and defined by masking with scotch
tape. The electrodeposition of metal nanoparticles was performed in a classical
three-electrode system (described in details in Section 2.1.1). The electrodes
were immersed into a deaerated aqueous solution of metal salt and reducing
agent. Electrochemical protocol was executed with an Autolab (Metrohm
Autolab) electrochemical system with GPES software. The exact parameters are
described in adequate sections (Chapter 3 and 4). As prepared electrodes were

rinsed with deionised water and dried under a stream of nitrogen.

All potentials are given vs. Ag wire (for silver electrodeposition experiments) or

vs. Ag|AgCl wire (for gold electrodeposition experiments).

2.3.2 Evaluation of fabricated samples

The process was optimized towards the best plasmonic properties and the
highest reproducibility. All protocols are described below. All the calculations

were done in Origin 8 (Origin Lab, US) software.

2.3.2.1 Scanning electron microscopy

In order to record scanning electron micrographs (SEM images) samples were
dried and mounted to SEM table with a conductive silver paste. The coverage
density and size of electrodeposited structures were measured from recorded
images using Image] software (NIH, US). Each measurement was done for five

different pictures of the same sample.
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2.3 Protocols

2.3.2.2 UV-Vis spectroscopy

UV-Vis experiments were performed in polymethyl methacrylate (PMMA)
cuvettes (optical path of 1 cm). Spectrophotometer operated in an absorbance
mode with bandwidth of 2 nm. In order to establish the absorbance peak
positions (Amax) spectra were fitted with Lorenz function using Origin 8 (Origin

Lab, US) software.

Refractive index sensitivity (RIS) tests were performed measuring the UV-Vis
spectra of the sample (randomly chosen from the batch) in at least four
solvents from the list below: air (n = 1), water (n = 1.332), ethanol (n = 1.362),
isopropanol (n = 1.377), 86% glycerol (n = 1.452). Amax was shown in function of

refractive index, n, and fitted with linear function. The slope of the linear fit

corresponds to RIS.

Spectra shown in the next sections are chosen, representative examples.

2.3.2.3 Surface enhanced Raman spectroscopy

In order to evaluate the enhancement ability of the produced
submicrostructures the SERS experiments with 4-aminothiophenol (4-ATP)
were conducted. Produced substrates (surface area of 20 mm?) were immersed
into 9 mL of 10-¢ M 4-ATP ethanol solution for overnight adsorption. Then they
were washed gently and dried under stream of nitrogen. The SERS
measurements were taken with 632.8 nm laser (power = 5 mW), integration
time for a single spot was 10 s. Every measurement was done for five separate
samples. Every sample was tested in five different points. Spectra shown in the

next sections are chosen, representative examples.

A reference Raman measurement was recorded with the same laser wavelength
but the power and the integration time were increased to 60 mW and 60 s,

respectively.
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The surface enhancement factor was calculated according to the formula:

EF = 'SERRSCRRS (9)
IRRSCSERRS
where Nsgrs and Ngs refer to the number of molecules adsorbed on the SERS
probe within the laser spot area and the number of molecules probed by
regular Raman spectroscopy, respectively. Isers and Irs correspond to the SERS
intensity of 4-ATP onto surface and to the normal Raman scattering intensity
of 4-ATP in the bulk. Irs and Isers were measured for the band at 1078 cm~1.
The crucial parameters for the quantitative analysis of the spectra are the laser
spot area and the effective illuminated volume. The latter has been estimated

using a formula recommended by Renishaw:
_ 3(f
v=321x2(%), (10)

where fis the microscope objective focal length and D is the effective laser
beam diameter at the objective back aperture. For our setup the illuminated
volume was V~ 2 x 103 um3. The laser beam diameter, defined as twice the
radius of a circle encompassing the area with 86% of the total power, was

about 5 pm.

The normal Raman spectrum was obtained for a cell filled with a pure 4-ATP
(125.19 g moll) of density 1.17 g cm3. Under these conditions,
Nrs = 11.3 x 1012 molecules were irradiated by the laser. The crucial stage of
this experiment is to ensure a less-than-a-monolayer coverage, otherwise the
EF is overestimated. Assuming that the surface of our samples was 20 mm?
and that one molecule of 4-ATP covers 42 x 10-8 nm?, the number of deposited
molecules should not exceed 5 x 1013. This is a very rough estimation. In
reality, the available surface is much larger because of the substrate
roughness. The number of 4-ATP molecules for the illuminated surface of
19.6 nm? was estimated as Nsers = 5.3 x 106. On a basis of this data the EF for

obtained substrates were calculated.

44



Chapter 3

Electrodeposition of silver submicrostructures

The inspiration for this work came from the paper of Zhang and Oyama [170]
where the authors used a two-step procedure to attach gold nanoparticles
(AuNPs) to the ITO surface. The procedure consisted of the seeding and growth
steps and had no use of any electrochemical process. At the first stage the ITO
substrate was immersed in a solution containing AuNPs seeds of 4 nm. They
were prepared from HAuCls, trisodium citrate, and NaBH4 as a reducing agent
in an aqueous solution. After 2 hours the substrate was moved to the aqueous
growth solution - HAuCls (metal precursor), cetyltrimethylammonium bromide
(CTAB, stabilizing agent), NaOH (pH regulator) and ascorbic acid (reducing
agent) - and left for 24 hours. This method gave spherical and rod-shaped
nanoparticles covering about 20% of the surface of ITO as can be seen on
Fig 16. The seeding step is based on the physical adsorption of the AuNPs to
the ITO surface. There was almost no control over the density of the resulting
seeds. In addition, the growth step was very long and the solution included the
surfactant CTAB.

The proposed improvement of this method comprised using electrochemistry
to seed and grow the AuNPs. Also the weak reducing agent - ascorbic acid
(which is unable to reduce gold salt without seeds [69]) was replaced with
a stronger one - trisodium citrate. Because the citrate ions act both as reducing
and capping agent, it was possible to eliminate the presence of CTAB.

Moreover, citrate ions are suitable to reduce both silver and gold salts. [109]
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Fig. 16 SEM image of AuNPs deposited on ITO by Zhang and Oyama
(source: [170])

The electrochemical method of choice was cyclic voltammetry. The most
important feature of this method is that one scanning cycle is equivalent to
one seeding-growing event. By changing the number of cycles of the deposition
it is possible to control the number of seeding-growing events. Additional
advantages are:

- possible tuning of the time of deposition by changing the potential scan
rate
- control over the time of diffusion of metal ions from the bulk to the

surface of the working electrode by elongating the potential range.

The substrate of choice was glass covered with indium-tin oxide (ITO). This
electrode has a broad potential window where it is stable. It is chemically
resistant and transparent to the light in near-UV and visible region. Moreover,
the microscopic structure of the ITO surface has ahigh roughness factor.

It assures a lot of possible nucleation sites.
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3.1 Reduction with citrate ions

In this part of the dissertation it will be shown how the morphology of the

submicrostructures is influenced by the factors listed below:

- potential range,

- potential scan rate,

- number of scans,

- concentration of the reducing agent,
- type of reducing agent,

- concentration of the metal precursor,

- stirring.

To evaluate the obtained substrates the scanning electron microscopy, UV-Vis
spectroscopy and/or surface enhanced Raman spectroscopy were used.
Preferred platforms should exhibit uniform distribution of microstructures.
Moreover, the platforms should reveal a single, well-developed absorption peak
in the UV-Vis range (exhibiting the full width at half maximum,
FWHM < 70 nm) with good refractive index sensitivity (RIS > 100 nm RIU1)

and/or SERS enhancement factor above 105 for 4-ATP as a probe molecule.

3.1 Reduction with citrate ions

3.1.1 Optimalization of electrodeposition conditions

The initial electrodeposition bath contained equimolar (0.25 mM) aqueous
solution of AgNOs and trisodium citrate and was deoxygenated with N2 for
15 minutes. The reaction proceeded without a supporting electrolyte to reduce
the number of used compounds to minimum (to obtain as clean NPs as
possible). The composition of the bath was as follows: 1.15x10-¢ mole (115 pL
of 10 mM solution) of AgNO3 and 1.15x10-¢ mole (115 pL of 10 mM solution) of

trisodium citrate in total volume of 4.5 mL of deionized water.
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In the first step the best range of potentials for cyclic voltammetry was
estimated. The size and shape of obtained particles as well as the surface
coverage were taken as preliminary evaluation factors. In Fig. 17 a typical CV
from the extended scan range is shown with two reduction peaks: the
Ag-deposition peak at -0.1 V and a peak at -0.7 V originating from reduction of
oxygen residues from the solution. Peaks at potentials above 0 V come from

oxidation of deposited silver.
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Fig. 17 Cyclic voltammetry in broad potential range; 0.25 mM of
AgNO3 and 0.25 mM of trisodium citrate in total volume of 4.5 mL

of deionized water; potential scan rate: 10 mV s1. Arrows indicate
the direction of the scan.

In Fig. 18 the differences between structures obtained from equimolar aqueous
solution of AgNOs and sodium citrate in different ranges of potentials
(0--04V,0--08Vand 0 - -1V) are presented. Every scan starts from 0 V
and is directed towards more negative potential. If the scan direction is
reversed at potential a little lower than the reduction of silver (-0.4 V) a dense
cover of particles is formed on the electrode. However, the size and
morphology of the particles are very diverse, from small crystallites to large
star-shaped structures. When the scan range was extended to -0.8 V a uniform
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3.1 Reduction with citrate ions

and dense coverage was achieved. In the range 0 - -1 V, dendritic structures

appeared.

For further experiments the potential range 0 - -0.8 V was chosen.

Fig. 18 SEM images (scale bar: 1 ym) of AgNPs structures obtained
after 5 scans of electrodeposition at 10 mV s'! in range of potentials:
A 0 - 04V, B) 0 - -0.8V and (C) 0 - -1V; along with
voltammograms showing the 5% scan of the electrodeposition of
respective structures.

To be sure that the peak at -0.7 V comes from an oxygen reduction process,
experiments with oxygenated (15 min) and deoxygenated (with nitrogen, for
15 min) solutions were performed (see Fig. 19). As expected the peak current
magnitude was sixteen times higher for oxygenated than for deoxygenated

solution.
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Fig. 19 Voltammograms showing the 5th scan of electrodeposition
from oxygenated (red curve) and deoxygenated (black curve)
solution (potential scan rate: 10 mV s1).

Next step was to check how the number of scans and the scan rate affect the
structure and properties of deposits. The set of experiments for 5, 10, 20, 35
and 50 scans with the potential scan rate of 5, 10, 50 or 100 mV s1 were
performed. Because of a very long time of 50 scans at 5 mV s this experiment
was skipped. Exemplary voltammograms together with SEM pictures are shown
in Fig. 20 (differences resulting from the scan rate) and in Fig. 21 (differences
resulting from the number of scans). One can easily note the influence of the
scan rate on the particles size. The average radius decreases together with
increasing scan rate and is in the range between about 45 - 60 nm at 5 mV s,
35 -50nm at 10 mV s, 20 - 50 nm at 50 mV s and 20 - 35 nm at 100 mV s-1.
When the scan rate is increased to 100 mV s, the particle deposit is quite
sparse - about 10 - 15% density of the surface coverage, while for 5 mV s1itis
about 20 - 40% (see Fig. 20 E and B, respectively). The most probable cause is
that faster potential scan rate induces new seeding events in a short period of
time and growing events are very short. The slower potential scan rate, the

longer time a growing particle has to grow.
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3.1 Reduction with citrate ions

Fig. 20 Voltammograms of 10t scans obtained at different scan
rates (A) together with SEM images of resulting Ag structures
obtained at 5 mV s (B), 10 mV s (C), 50 mV s'1 (D) and 100 mV s1
(E). Scale bar is 1 pm.

Increase of the number of applied scans causes simultaneous increase of both,
particles’ sizes and surface coverage densities. Also magnitude of current at
-0.8 V increases with increase of the number of applied scans. This suggests
that the surface of created structures is more developed thus more oxygen can
be reduced. 35 scans results in formation of big dendritic structures (Fig. 21D).

As can be seen in Fig. 21E application of 50 scans results in surface with
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smaller number of dendritic structures than obtained for lower number of
scans. It can be caused by spontaneous falling apart of dendrites parts during
growth. [2]

Fig. 21 Voltammograms obtained at 10 mV s for 5, 10, 20, 35 and
50 scans (A) together with SEM images of resulting Ag structures
obtained after 5 (B), 10 (C), 35 (D) and 50 scans (E). Scale bar is 1 pm.
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3.1 Reduction with citrate ions

The mean sizes of obtained particles and the mean surface coverage calculated
for 5 different SEM pictures of each sample are summarized in Fig. 22 A and B,

respectively.

Fig. 22 Graphs depicting changes of size of obtained particles (A)
and changes of surface coverage (B) with increasing number of scans
for different potential scan rates.

Next the UV-Vis and SERS spectra were recorded. Respective EFs were
calculated according to the procedure described in Section 2.3.2.3 and
summarized in Table 2. Samples obtained in some conditions revealed no SERS
activity and it was impossible to calculate the EF value (“nd” in Table 2). There
is no correspondence between obtained EF and used electrochemical

parameters.

Representative examples of correlation of the morphology with the spectra are
shown in Fig. 23. The highest and narrowest UV-Vis peak (FWHM = 43 nm) as
well as the highest EF were obtained for the sample electrodeposited with

50 scans at 10 mV s-1.
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Table 2. Enhancement factors calculated for 4-ATP for respective
AgNPs samples (nd = impossible to calculate/no data)

5 scans 10 scans 20 scans 35 scans 50 scans
5mV s1 10 102 103 nd nd
10 mV s1 10 1.5x102 103 105 3x108
50mV st 30 nd 30 103 104
100 mV s1 nd nd nd 80 102
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Fig. 23 Correlation of the SERS and UV-Vis spectrum with the
morphology of the AgNPs - top: SEM images of selected samples
(each scale bar represents 500 nm); bottom left: SERS spectra of
4-ATP obtained for respective AgNPs samples depicted at the top
(laser wavelength: 632.8 nm, power: 5 mW, integration time: 10 s;
inset shows the normal Raman spectrum of solid 4-ATP, laser
wavelength: 632.8 nm, power: 60 mW, integration time: 60 s);
bottom right: UV-Vis spectra of respective AgNPs samples measured

in water.



3.1 Reduction with citrate ions

Additionally it was checked in-situ how the UV-Vis spectrum was changing
during the electrodeposition process. In order to do that the electrodeposition
setup was placed inside the spectrophotometer and a spectrum was taken
every 10 min during the process (50 scans at 10 mV s'1). As can be seen in
Fig. 24A the background level rises during the experiment suggesting increase
of the AgNPs surface coverage density. The initial position of the absorption
peak is around 430 - 450 nm. After 30 min of reaction (around 8t cycle) this
peak starts to diminish and disappears. At the same time the peak at 400 nm
appears and grows till the end of the experiment. This suggests that at the
beginning of the process mostly big aggregates (~150 nm of diameter) are
formed accompanied with lots of very small particles (what can be concluded
from the increase of the absorbance in the range 350 - 450 nm). It is worth
mentioning that the absorbance level for measured samples exceeds the value
allowed by the Lambert-Beer law. The main reason for such behavior is the
inhomogeneity of obtained samples. Metallic nanostructures are well known
for their ability to scatter and reflect light. As can be seen in Fig. 24A a similar
shape of the spectrum (with lower absorbance) to the one obtained for

50 scans can be obtained after 35 cycles only.

Fig. 24 A - The change of the UV-Vis spectrum of deposited Ag
structures. Spectra were taken every 10 min during
electrodeposition through 50 cycles at 10 mV s in potential range
0 - -0.8 V; B - refractive index sensitivity of the same sample.
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The refractive index sensitivity of the sample obtained at 10 mV s after
50 cycles was calculated according to the procedure described in
Section 2.3.2.2 to be 166.7 nm RIU! (see Fig. 24B).

The influence of the amount of the reducing agent on the deposits morphology
was also checked. Three separate baths were prepared containing 0, 0.25 and
2.5 mM solution of trisodium citrate (with concentration of the silver salt set at
0.25 mM). The best electrochemical conditions obtained in a previous section
were used - 50 cycles at 10 mV s! in potential range 0 - -0.8 V. The
as-obtained deposits morphology is shown in the top panel of Fig. 25.

Fig. 25 Top: SEM images of deposits obtained with different
amounts of trisodium citrate (scale bars represent 500 nm); bottom:
corresponding voltammograms (left) and UV-Vis spectra (right,
measured in water) of respective deposits.
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3.1 Reduction with citrate ions

Particles fabricated without a reducing agent are irregular and polydisperse.
Addition of citrate ions caused creation of more regular (spherical) particles.
Surface coverage density increased along with the increase of citrate ions
concentration. In the voltammogram (left bottom of Fig. 25) it can be seen that
increasing the concentration of trisodium citrate caused a minor shift of the
silver reduction peak towards more positive potentials. It can be caused by
polymerization of citrates at the surface of the working electrode. [171] At the
UV-Vis spectrum (right bottom of Fig. 25) there is no distinct peak for the

sample prepared without a reducing agent.

The sample fabricated with 0.25 mM solution of trisodium citrate shows
well-developed peak with FWHM of 42 nm. Sample obtained from 2.5 mM
solution of citrate exhibits two separate peaks. Furthermore the SERS
measurements were performed and EF for each sample was calculated
(according to the procedure described in Section 2.3.2.3). Despite the two
UV-Vis peaks the sample fabricated with 2.5 mM solution of citrate showed the
highest EF value: 6x108. For the one containing 0.25 mM solution of trisodium

citrate EF value was 3x108. For the sample fabricated without trisodium citrate

EF value was 104.

To check the influence of the amount of silver on the deposits’ morphology the
comparison between two types of baths was made. The amount of silver was
increased 3 times (from 0.25 mM to 0.75 mM) and the amount of trisodium
citrate was kept at 0.25 mM level. The deposition was conducted for 10 scans

at 10 mV s'1, 20 scans at 5 and 10 mV s'1 and 35 scans at 5 and 10 mV s-1.

The analysis of SEM images revealed a good surface coverage density (see
Table 3). Unfortunately, for the increased concentration of silver salt there was

a tendency to create dendritic deposits as can be seen in Fig. 26.
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Fig. 26 SEM images presenting morphology of deposits obtained at
potential scan rate of 10 mV s-1with different number of scans. The
plating bath contained 0.75 mM of silver nitrate and 0.25 mM of
trisodium citrate. Bottom row shows enlarged fragments of pictures
from the top row. Scale bars represent 5 pm for the top row and
1 pm for the bottom row.

Table 3. Summary of the surface coverage densities obtained for
different electrochemical parameters using solutions: 0.75 mM of
silver nitrate and 0.25 mM of trisodium citrate.

electrochemical 10 scans 20 scans 20 scans 35 scans 35 scans

parameters 10mV st 5mVs! 10mV st 5mVs! 10 mV s1
surface 42.43 + 45.82 + 49.68 + 41.95 + 48.27 +
coverage [%] 1.59 0.75 0.75 2.24 1.30

As last the influence of stirring on the deposits’ morphology was tested. The
electrochemical setup was placed on the magnetic stirrer. The batch of
samples was prepared from the same stock solution (0.25 mM of AgNOs3,
0.25 mM of trisodium citrate in total volume of 4.5 mL of water) and in the

same electrochemical conditions (CV from 0 to -0.8 V, 50 scans at 10 mV s'1) as
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3.1 Reduction with citrate ions

the “basic” samples. As-deposited samples were tested with UV-Vis
spectrophotometry and compared to the sample prepared without stirring
(Fig. 27). As can be seen the absorbance for “stirred” sample is high in majority
of the tested range. It can be caused by the formation of flat, large structures,

as presented in Fig. 27.

Fig. 27 UV-Vis spectra of samples prepared with and without stirring
along with SEM images of respective samples: basic - without
stiring, stirred - 600 rpm (scale bars represent 500 nm).

3.1.2 Mechanism of reduction of silver ions with citrate ions

The general mechanism, as it was described earlier in Section 1.3.2, includes
oxidation and decomposition of citrate ions as well as coordination of both
Agt ions and Ag:t dimers at the early stages of nucleation. It has been
demonstrated [172] that the morphology of obtained structures depends on
the pH of the reaction bath (since the reaction rate changes with pH). In low pH
the reaction is long and results in formation of polygonal particles, while in
high pH the reaction rate increases resulting in a mixture of spherical and rod-

like particles. Thus the size and shape control (at least partially) depends on
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the protonation level of the citrate ions. In our case the OH- ions are produced
directly at the surface of the electrode changing locally the pH of the solution,
thus changing protonation level of the molecules in the vicinity of the
electrode. Deprotonated citrate ion can bind strongly to the Ag+ ions and Agx*
aggregates. Those can further aggregate or undergo coalescense or
recrystallization (resulting in a high-quality product with small amount of
aggregates). [19, 22] Furthermore, citrate ions by binding and polymerizing on
the ITO surface [171], ensure strong adhesion of created AgNPs to the surface

of the electrode.

3.2 Other reducing agents

The suitability and efficiency of three other reducing agents were tested. The
following compounds were chosen (structures are presented in Fig. 28): formic
acid [173], ascorbic acid [174] and glucose. [175-180].

Formic acid is the simplest carboxylic acid. It was chosen because of its

similarity to citrate ion.

Ascorbic acid is used as a weak reducing and stabilizing agent during
formation of Au and Ag nanoparticles in the seed-mediated method. [170]
It was proposed as a stabilizing agent to stimulate the growth of nuclei created

on the surface by electrochemical reduction.

Glucose is known as a reducing agent used e.g. in production of silver mirrors.
[181]
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3.2 Other reducing agents
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Fig. 28 Structures of tested reducing agents.

3.2.1 Formic acid

The effectiveness of the formic acid as a reducing agent was tested for
0.25 mM of silver nitrate. Since trisodium citrate solution was replaced with
formic acid the deficiency of conducting Nat ions should have been
compensated. That is why the solution of potassium nitrate was used as
a supporting electrolyte. Examined baths contained 0.25 mM solution of silver
nitrate and 0.25 or 2.5 mM solution of formic acid in total volume of 4.5 mL of
0.1 M potassium nitrate. As can be seen in Fig. 29 there is no silver reduction
visible for 0.25 mM solution of formic acid. However, for 2.5 mM solution the

silver reduction peak appears at -0.55 V.

Subsequent experiments were performed in solution containing 2.5 mM of
formic acid. Electrodeposition proceeded for 10, 20 and 50 scans at potential
scan rate of 10 mV s'1. In Fig. 30 representative examples of the morphology of
obtained deposits are presented, along with respective surface coverage

density values (S.C.).
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Fig. 29 Cyclic voltammograms for 10t scan at potential scan rate of
10 mV s1 obtained in solution containing 0.25 mM of AgNOs and
0.25 or 2.5 mM of formic acid in total volume of 4.5 mL of
0.1 M KNO:s.

Fig. 30 SEM images depicting the morphology of deposits obtained
from bath containing 0.25 mM AgNO3 and 2.5 mM of formic acid in
total volume of 4.5 mL of 0.1 M KNOs; potential scan rate was
10 mV s1; scale bars represent 1 pm; S.C. refers to surface coverage
and is specified in percent.

Generally, obtained deposits were less dense (surface coverage from 10 to 36%)
and more disperse than those obtained with trisodium citrate and shown no

required plasmonic properties (nor in LSPR nor in SERS). Increasing the
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3.2 Other reducing agents

concentration of silver to 0.75 mM caused an increase of the surface coverage
to around 32% for 10 scans at 10 mV s'1. No consequent improvement of the

optical properties of deposits was observed.

3.2.2 Ascorbic acid

In the case of the ascorbic acid it was expected that, despite its weak reducing
properties, the electrochemical reduction itself will be sufficient to create Ag
nuclei at the surface of the ITO. However, voltammograms showed no

reduction peaks (data not shown) and no silver structures were deposited.

3.2.3 Glucose

3.1.3.1 Optimization of electrodeposition conditions

The last reducing agent to be tested was glucose. The electrodeposition
solution consisted of solutions of AgNO3 and glucose in total volume of 4.5 mL
of 0.1 M of KNOs. Cyclic voltammetry was done in a potential range from O to
-0.8 V with different potential scan rates of 5, 10 or 100 mV s! and different

numbers of scans: 5, 10 and 35.

A typical voltammogram is presented in Fig. 31. The onset potential of the
silver reduction is -0.05 V and the current magnitude depends on the
concentration of silver. A reduction peak below -0.7 V corresponds to
reduction of residual oxygen on the deposited particles as it was in case of

citrate-based reduction.
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Fig. 31 A comparison of voltammograms obtained for 0.75 mM
solution of silver nitrate with 0.25 mM solution of different reducing
agents - glucose (in 0.1 M KNO3) or trisodium citrate (in water).

As can be seen the peak of the silver reduction shifted towards more positive
potential values than for citrate-mediated electroreduction. This phenomenon
can be explained with adsorption and polymerization of citrate ions on the
surface of the ITO as was described by Berkh et al. [171]

The effect of solution composition was investigated by UV-Vis
spectrophotometry and SEM microscopy. Concentrations of silver salt and
glucose were tuned. Electrochemical parameters were set at 35 scans at
10 mV s in the range of potentials 0 - -0.8 V. Fig. 32 presents samples
fabricated with concentration of silver salt set at 0.25 mM and different

concentrations of glucose.
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3.2 Other reducing agents

Fig. 32 UV-Vis spectra and SEM images of samples obtained from
solution of 0.25 mM of silver nitrate and different concentrations of
glucose in total volume of 4.5 mL of 0.1 M KNOs. Scale bars
represent 500 nm.

Fig. 33 presents results for 0.75 mM solution of silver salt with other
parameters the same as described above. As can be seen the highest and the
narrowest single absorption peak (FWHM = 66 nm) was obtained for 0.75 mM
solution of silver salt and 0.25 mM solution of glucose in total volume of
4.5 mL of 0.1 KNOs.

Sample prepared from solution of 0.25 mM silver ions and 2.5 mM of glucose
exhibits two peaks. One of them, at 500 nm, has FWHM = 62 nm. The second,
at 405 nm, is very small (height of 0.02 units, FWHM ca. 15 nm). As can be seen
in SEM images in Fig. 32, for this sample NPs are mostly relatively big what

corresponds with both, position and width of the absorption peak at 500 nm.
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Fig. 33 UV-Vis spectra and SEM images of samples obtained from
solution of 0.75 mM of silver nitrate and different concentrations of
glucose in total volume of 4.5 mL of 0.1 M KNOs. Scale bars
represent 500 nm.

Low number of separate small particles results in a peak at 405 nm. Also the
surface coverage is low what explains low background level of the UV-Vis
spectrum (absorbance value for A = 800 nm of about 0.15 units for 2.5 mM

solution of glucose versus 0.5 units for 9.5 mM solution of glucose).

Subsequently, the behavior of the system in different pH values was tested.
Fig. 34 shows the UV-Vis spectra and morphology of deposits obtained from
baths consisting of 0.75 mM of silver nitrate and 0.25 mM of glucose in

0.1 M KNOs at various pH values. pH was tuned using different amounts of
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3.2 Other reducing agents

0.5 M H2S04 (0 pL, 7 pL or 25 pL to obtain pH 7, pH 5 or pH 2, respectively) or
25% ammonium hydroxide solution (25 pL resulting in pH 10). As it was
predicted, samples obtained in basic conditions showed a broad resonance
peak caused by branched morphology of the deposits (Fig. 34). According to
the literature [26] creation of [Ag(NHs)2]* ions should lead to branched
crystallites with reduced size. The resonance peak obtained at pH 7 has FWHM

of 55 nm and it was the best result among other pH values.

Fig. 34 UV-Vis spectra (measured in air) and SEM images obtained
for samples prepared from 0.75 mM AgNOs3 and 2.5 mM glucose in
0.1 M KNOs3 in various pH; 35 scans at 10 mV s1. Scale bars
represent 1 pm.

The size and surface coverage density dependence on number of scans and

scan rate were studied using SEM images. Results are summarized in Table 4.

One can easily note the influence of the potential scan rate on the particles
size. As in case of preparation of silver particles, the average projected radius
(r) decreases with the increase of the potential scan rate (from about 50 nm at

5mV s1to 25 nm at 100 mV s1). When the scan rate is increased to 100 mV s-1,

the particle deposit is quite sparse - about 26% while for 5 mV s'1 it is about
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39%. Increase of the number of scans applied causes increase of the surface

coverage density values.

Table 4 Average projected radiuses and surface coverages of the
AgNPs electrodeposited in different conditions from solution of
0.75 mM AgNOs and 0.25 mM glucose in 0.1 M KNOs, pH 7.

5 scans 10 scans 35 scans

r=>52.12+31.17 nm

5mV st

39.1+1.25%
r= 113.;311 46.69 | _4722417.7nm  r=66.46+ 38.75 nm
10 mV st
26.13 + 1.33 % 36.9 + 0.78 % 46.53 + 5.68 %

r=27.53+18.31 nm

100 mV st

26.3 221 %

Typical UV-Vis spectra of samples prepared in different experimental

conditions and corresponding SEM images are presented in Fig. 35 and Fig. 36.

Low density of the surface coverage causes low background level in the UV-Vis
spectrum (compare SEM image and UV-Vis spectrum for 5 scans in Fig. 35).
Polydispersity induce broadening of the peak or even formation of an
additional peak in the UV-Vis spectrum as for the sample prepared with

10 scans an 10 mV s1 (Fig. 35 and 36).
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3.2 Other reducing agents

Fig. 35 Dependence of UV-Vis spectra (measured in air) on number
of scans applied during electrodeposition (at potential scan rate set
at 10 mV s1) from 0.75 mM AgNOs and 0.25 mM glucose in
0.1 M KNOs3 along with SEM images of adequate samples (scale bars
represent 1 pm).

69



Fig. 36 Dependence of UV-Vis spectra (measured in air) on potential
scan rate applied during electrodeposition (for 10 scans) from
0.75 mM AgNOs3 and 0.25 mM glucose in 0.1 M KNOs. Next to them
are presented SEM images of adequate samples (scale bars represent
1 pm).

On the basis of earlier experiments the optimal composition of the solution
was chosen. The narrowest resonance peak was obtained after 10 scans of CV
at potential scan rate of 5 mV s?! from solution of 0.75 mM AgNO3 and
0.25 mM glucose in 0.1 M KNOs3, pH 7. Its refractive index sensitivity was
established to be 128.8 nm RIU! (according to the protocol described in
Section 2.3.2.2).
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3.2 Other reducing agents

3.1.2.1 Proposed mechanism of reduction of silver ions with glucose

In the literature one can find two proposed paths of silver reduction with
glucose. [176] Both are based on the presence of hydroxyl ions in solution.
According to the first one the OH- reacts with glucose resulting in gluconate
ions which reduce silver ions to the atomic form. Second one describes
generation of silver atoms via reduction of Ag20 with glucose. The path of the
reaction strongly depends on the pH of the solution - with the increase of the
pH, the second mechanism becomes prevailing. Proposed mechanisms assume
that in water solution one can find two forms of glucose - cyclic and open-
chain - which are transforming into each another via mutarotation. [182] The
mutarotation occurs most effectively when both, acidic and basic catalysts are
present in solution. Our basic catalyst, OH-, is produced near the electrode
surface during electrode process while silver ions can be regarded as acidic
catalyst. The electron flow ensures that silver remains in the atomic form.
Schematic representation of proposed mechanism is presented in Fig. 37

below.

Fig. 37 A schematic representation of mechanism of
glucose-assisted reduction of silver ions. Hexagons represent cyclic
glucose, open hexagons represent open-chain form of glucose,

circles with “+” signs represent silver ions and green circles
represent reduced Ag atoms.

71



3.1.2.2 PVP addition

In order to enhance the AgNPs geometry the poly(vinyl pirrolidone) (PVP) was
used. PVP binds more strongly to the <100> than <111> facets of Ag crystals
and can thereby reduce the growth rate along the <100> direction, resulting in
the formation of nanocubes/nanobars capped by <100> facets. [172, 183]
Polyhedral silver nanocrystals are reported to alter plasmonic properties
(thanks to distinct light scattering properties) thus resulting in higher
enhancement factors in SERS and higher sensitivity for refractive index in
LSPR. [184]

To find optimal conditions 35 pL of freshly made PVP solutions of different
concentrations were added to the bath containing 0.75 mM AgNOs and
0.25 mM glucose in total volume of 4.5 mL of 0.1 M KNOs. Changes in UV-Vis
spectra between samples obtained with 0.25%, 0.5%, 0.75% and 1% wt. solution
of PVP in water were compared (Fig. 38).

Fig. 38 UV-Vis spectra of platforms obtained with different
concentrations of PVP (measured in air).
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3.3 Summary and conclusions

As can be seen the full width at half maximum (FWHM) value does not depend
linearly on the PVP concentration. For the sample obtained with 0.5% of PVP
the RIS value was calculated according to the procedure described in
Section 2.3.2.2 to be 233.7 nm RIU-l. However the fabrication process was
irreproducible. A probable cause is that PVP in such experimental conditions
exists in solution in form of random coils which can entangle between each

other. [185] This phenomenon is very difficult (if possible) to control.

3.3 Summary and conclusions

This chapter of the dissertation was dedicated to the use of cyclic voltammetry
to obtain silver-based plasmonic platforms. To evaluate obtained substrates
the scanning electron microscopy, UV-Vis spectroscopy and/or surface

enhanced Raman spectroscopy were used.

The experiments showed that the range of potentials used influences the
morphology of obtained deposits. The projected radii of particles as well as
the surface coverage decrease with the increase of the potential scan rate. Also

they increase with the increase of the number of performed scans of the CV.

For the electrodeposition of AgNPs four different reducing agents were tested:
trisodium citrate, formic acid, ascorbic acid and glucose. Only two of them
were suitable for obtaining desired platforms - trisodium citrate and glucose.
Formic acid showed reducing properties towards silver but obtained deposits
were less dense than those obtained with trisodium citrate. Moreover, they did
not show desired plasmonic properties - nor in LSPR nor in SERS. In case of
ascorbic acid pure electrochemical reduction was not enough to form
nucleation seeds. Thus, no deposits were obtained. For trisodium citrate and
for glucose it was tested how the morphology of the deposit is influenced by:

electrochemical parameters, concentration of the reducing agent and the ratio
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between reducing agent and silver salt. Moreover, the effect of addition of
polyvinylpyrrolidone (PVP) to the glucose-based plating bath was examined

and rejected because of very low reproducibility of the process.

The in situ UV-Vis experiment disclosed changes in sizes of the
electrodeposited Ag structures during the course of the process. It can be
related to the recrystallization of growing particles as was shown by Ustarroz
et al. [18] The shape of resulting UV-Vis spectra depend on the morphology of
the deposits - size of particles, their dispersity and distribution on the surface.
In case of the AgNPs the best plasmonic peaks were obtained for particles
having a projected diameter of ~120 nm. The high and narrow resonance peak
results in high refractive index sensitivity of the substrate. There are grounds
to believe a relationship between RIS and SERS enhancement factor exists (see

Fig. 23 in Section 3.1.1). It is planned to be examined in the near future.

As a result, two types of platforms which exhibited desired plasmonic
properties were obtained. The first one, called from now on AgCitNPs, was
prepared using equimolar (0.25 mM) solutions of silver nitrate and trisodium
citrate in water. The electrodeposition was performed in the range of
potentials 0 - -0.8 V for 50 scans at potential scan rate of 10 mV s1. It
exhibited high SERS enhancement factor - 3x108 and good refractive index
sensitivity of 166.7 nm RIUl. The second procedure resulting in good
plasmonic properties of deposits was electrodeposition of silver particles from
glucose-containing bath (AgGluNPs). The potential range was 0 - -0.8 V. The
best resonance peak was obtained for 10 scans at 5 mV s! of electrodeposition
from the solution of 0.75 mM of AgNOs3 and 0.25 mM of glucose in 0.1 M KNOs.
The platform exhibited RIS of 128.8 nm RIU-L
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Chapter 4

Electrodeposition of gold submicrostructures

4.1 Reduction with citrate ions

The initial solution used for electrodeposition of gold submicrostructures
contained equimolar (0.25 mM) aqueous solutions of HAuCls and trisodium

citrate. In the first step the range of potentials for CV was established. As can
be seen in Fig. 39 reduction of gold ions occurs at 0.35 V and -0.55 V.
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Fig. 39 Cyclic voltammetry in a broad potential range recorded in
solution: 0.25 mM of HAuCls and 0.25 mM of trisodium citrate in the
total volume of 6 mL of deionized water; potential scan rate:
10 mV s1. Arrows indicate the direction of the scan.



The most probable mechanism is a multistep reduction of gold ions. At first,
citrate ions are oxidized donating electrons to reduce Au3* to Aut* according to

following equations [113]:

[Au*(C]),(OH),] + [CsH50;]* — [Au**CI(OH),(CH;50,)* ] + CI (11)

[AU’*CI(OH),(C¢H;0,)° ] — CO, + 2CI + [Au"(OH)] + [CsH;0s5] (12)

Next, the reduction of Au* to Aul occurs at the surface of the working
electrode causing deposition of gold atoms. Similar as in the case of silver
electrodeposition, the oxygen reduction onset potential is around -0.65 V. For
further experiments the potential range 0.5 - -0.8 V was chosen to assure

reduction of residual oxygen on the surface of deposited NPs.

First parameters taken into consideration were the applied number of scans
and potential scan rate. The relation between sizes of particles and surface
coverage with applied electrochemical parameters is shown in Fig. 40. It can be
seen that both, size and coverage density are generally increasing with
decrease of the potential scan rate and with increase of the number of scans

applied. Big error bars indicate polydispersion of obtained particles.

The enhancement factor of resulting structures was calculated according to the
procedure described in Section 2.3.2.3 and summarized in Table 5. Generally
EF decreases with an increase of the scan rate. The highest EF was obtained for
AuNPs deposited within 5 scans at potential scan rate of 5 mV s'1. One order of
magnitude lower values were obtained for samples fabricated at 5 - 10 mV s-1

for 10 - 35 scans.
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4.1 Reduction with citrate ions

Fig. 40 Graphs depicting changes of size of obtained particles (A)
and changes of surface coverage (B) with increasing number of
scans.

Table 5. SERS enhancement factors obtained for 4-ATP on platforms
obtained in different electrochemical conditions from 0.25 mM
solutions of chloroauric acid and trisodium citrate in total volume
of 6 mL of water.

5 scans 10 scans 20 scans 35 scans 50 scans
5mV st 106 105 105 105 nd
10 mV st 102 105 105 105 104
50 mV st 102 103 50 102 104
100 mV s1  nd 102 nd 103 3x102

None of tested parameters resulted in intended UV-Vis spectrum. The
representative example of obtained spectra is depicted in Fig. 41 together with

SEM images of respective structures.
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Fig. 41 UV-Vis spectra recorded in air for samples obtained with
different numbers of scans at potential scan rate set at 10 mV s
along with SEM images of respective structures (scale bars represent
500 nm).

Because of unsatisfactory results other compositions of the solution were

examined.

First of all the influence of the amount of gold salt and of reducing agent were
tested. An increase of forty fold of the concentration of the reducing agent in
the solution (from 0.25 mM to 10 mM) resulted in apperance of the peak
around 550 nm in the UV-Vis spectrum of the obtained deposit. An additional
change of the concentration of the gold salt (from 0.25 mM to 0.75 mM) caused
almost two fold growth of the intensity of this peak and a small red-shift of

the peak maximum (see Fig. 42).

Changing the concentrations of used chemicals changed also the conductivity
of the solution. To check whether the change of the ionic strength of the bath
will improve the properties of deposits the water was replaced with 0.1 M

KNOs. The screening was made for 5 scans at 10 mV s! and 50 scans at

100 mV s1. Tested compositions are listed in Table 6.
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4.1 Reduction with citrate ions

Fig. 42 Comparison of UV-Vis spectra (measured in air) of samples
obtained with 0.25 and 0.75 mM solutions of HAuCls with 10 mM
solution of trisodium citrate (35 scans at 50 mV s1).

Comparing UV-Vis spectra of samples electrodeposited from solutions without
(Fig. 41) or with KNOs (Table 6) it is clearly visible that the increase of the
solution ionic strength improved the process. Even when 0.25 mM solutions of
both, reducing agent and gold precursor were used, it was possible to obtain
samples exhibiting distinguishable absorption peaks at the UV-Vis spectrum.
FWHM value was still not satisfactory (the lowest is 88 nm for sample
electrodeposited for 5 scans at 10 mV s from 0.25 mM HAuCls and 0.25 mM
trisodium citrate) and escalated with the increase of citrate ions concentration.
Increment of amount of gold caused an increase of height of the absorbance

peak in the UV-Vis spectrum.
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Table 6. Comparison of UV-Vis spectra of platforms obtained from
different solutions in 0.1 M KNOs3 (measured in air)

In the next step the proportion between the concentration of gold ions and the
reducing agent was changed to 3:1. The composition of the resulting solution
was 0.27 mM HAuCls, 0.09 mM trisodium citrate in total volume of 6.2 mL of
0.1 M KNOs. The efficiency of the electrodeposition was measured with UV-Vis
spectrophotometry for 5 scans at 5 mV s1 and 10 or 25 scans at 10 mV s
(Fig. 43). The best spectrum was obtained for 25 scans at 10 mV s although
the FWHM value was very high - 95 nm. High background level suggests
desired, high surface coverage density of the AuNPs.

80



4.1 Reduction with citrate ions

Fig. 43 A comparison of UV-Vis spectra (measured in air) of
platforms obtained at different electrochemical conditions with 3:1
ratio between gold salt and trisodium citrate as a reducing agent.

For three samples prepared the same way (25 scans 10 mV s, 0.27 mM
HAuCls, 0.09 mM trisodium citrate in 0.1 M KNOs) the UV-Vis spectra were
recorded and the SERS experiment with 4-ATP was performed (according to the
procedure described in Section 2.3.2.3). Fig. 44A depicts how the UV-Vis
spectra changed from one sample to another. The reproducibility of the
spectra is very low. On Fig. 44B three SERS spectra of 4-ATP taken at three
different samples are presented. As can be seen for SERS the reproducibility

between samples is very good. The calculated value of EF was 5x107.
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Fig. 44 A - Comparison of UV-Vis spectra of three different
platforms electrodeposited with 25 scans at 10 mV s! with
trisodium citrate as a reducing agent (measured in air);
B - SERS spectra of 4-ATP recorded on the same samples (laser
wavelength: 785 nm, power: 2 mW, integration time: 10 seconds).

4.2 Reduction with glucose

Subsequently the efficiency of glucose as a reducing agent was tested. The
same composition of the solution was used: 0.27 mM of HAuCls+ and 0.09 mM
of glucose in 0.1 M KNOs. Exemplary UV-Vis spectra recorded on three
different platforms are shown in Fig. 45A together with the SERS spectra for
4-ATP recorded on the same samples (Fig. 45B). It is worth to notice that
despite not ideal shape and poor reproducibility of UV-Vis spectra, the SERS
spectra are very reproducible (including almost the same background level).
Possibly the difference in the size of a measured spot is the cause - in the
UV-Vis experiment the signal is collected from the area of 20 mm? while in the
SERS experiment the beam area is 20 ym?2 and the signal is averaged from
25 separate points. Comparing to the aforementioned platforms obtained
using trisodium citrate, platforms produced with glucose have higher
reproducibility between samples (in case of both, UV-Vis and SERS

experiments). For this type of platforms the calculated value of EF was 1x107.
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4.2 Reduction with glucose

Fig. 45 A - UV-Vis spectra of 3 different platforms electrodeposited
for 25 scans at 10 mV s! with glucose as areducing agent
(measured in air); B - SERS spectra of 4-ATP recorded on the same
samples (laser wavelength: 785 nm, power: 2 mW, integration time:
10 seconds).

For comparison, electrodeposition of gold structures without use of any
reducing agent was performed. The solution consisted of 0.27 mM of gold salt
in total volume of 6.2 mL of 0.1 M KNOs3. As previously, the cyclic voltammetry
proceeded for 25 scans at the potential scan rate of 10 mV s-1. Like in previous
two cases, the UV-Vis spectra are different between all three platforms
(Fig. 46A). However SERS spectra (Fig. 46B) are very similar. The calculated EF

value was 4x107.

Fig. 46 A - UV-Vis spectra of 3 different platforms electrodeposited
for 25 scans at 10 mV s'! without a reducing agent (measured in air);
B - SERS spectra of 4-ATP recorded on the same samples (laser
wavelength: 785 nm, power: 2 mW, integration time: 10 seconds).
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A comparison of morphologies resulting from the use of different solutions is
presented in Fig. 47. Reduction with citrate ions (Fig. 47A) resulted in dense
surface coverage with round-shaped particles. In case of reduction with
glucose (Fig. 47B) the number of protrusions (“bumpy” structures of
aggregates) is reduced in comparison to citrate-mediated reduction. Moreover,
the particles obtained with glucose show more sharp edges and corners (see
Fig. 47B2). For the platforms obtained without any reducing agent (Fig. 47C)

the deposit is quite sparse and particles are polydisperse with irregular shapes.

Fig. 47 Comparison of gold morphologies obtained with trisodium
citrate (A), glucose (B) or without any reducing agent (C); scale bars
for panel 1 (top) represent 2 ym, for panel 2 (bottom) - 500 nm.

4.2.1 PVP addition

As in the case of silver nanoparticles deposition attempts were made to
improve the UV-Vis spectra of gold-based substrates fabricated with glucose by
adding a freshly made PVP solution. Three different PVP solutions were tested:
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4.2 Reduction with glucose

0.25%, 0.5% and 0.75% wt. in amounts of 35, 70 and 140 pL. The evaluation was
done for 50 scans at 50 mV s'l. The narrowest peak (FWHM = 195 nm) was
obtained with 140 pL of 0.5% PVP solution (see Fig. 48 for comparison).
Unfortunately those substrates exhibited relatively low sensitivity towards
changes of refractive index (99.5 nm RIU-1) and no SERS activity. Moreover, the
procedure has very low reproducibility (see Fig. 48D for UV-Vis spectra
obtained for 5 different samples). The cause is probably the same as

previously - the uncontrolled self-entanglement of PVP molecules.

Fig. 48 Comparison of UV-Vis spectra of platforms obtained with
0.27 mM of gold salt, 0.09 mM of glucose in total volume of 6.2 mL
of 0.1 M KNOs3 with addition of different amounts of freshly
prepared solution of PVP: 0.25% (A), 0.5% B), 0.75% (C)
(electrodeposited for 50 scans at 50 mV s'1, spectra recorded in air)
along with reproducibility of UV-Vis spectra for samples obtained
with addition of 140 pL of 0.5% PVP (D).
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4.3 Reduction with iodide ions

The last attempt to obtain well-formed peaks at the UV-Vis spectra was
inspired by the publication of El-Deab et al. [98] Authors added some iodide
ions to the solution to obtain more homogeneous deposit. In our setup iodide
ions were used as a reducing agent. Since the pK, of the potassium iodide is
very low also the pH of the solution was adjusted by adding 10 pL of 3 M
HNOs. The first step of the experiment was to fit the needed amount of iodide.
In order to do that, three different amounts of KI solution were added to the
initial solution (0.27 mM of HAuCls in 0.1 M KNOs3 with addition of 10 pL of
3 M HNOs). Final concentrations of iodide ions were 0.01 mM, 0.09 mM and
0.18 mM. Electrodeposition proceeded for 10 scans at potential scan rate of
10 mV st In Fig. 49 voltammograms of 10% scan obtained for different
amounts of iodide ions in the solution are presented. It is clearly visible that
the onset potential of the gold reduction peak is shifted from about 0 V for
0.09 mM solution of KI to 0.27 V for 0.18 mM solution of KI. For 0.01 mM no
reduction peak is visible in this region. Inset in Fig. 49 shows UV-Vis spectra of
respective samples. The narrowest peak (FWHM =93 nm) was obtained for

0.18 mM solution of potassium iodide.

Next the proper electrochemical conditions were chosen from among 10 scans
at 10 mV s, 25 scans at 10 mV s and 50 scans at 50 mV sl. The most
appropriate substrate was obtained using 0.18 mM KI and 0.27 mM HAuCls in
total volume of 6.2 mL of 0.1 KNO3with addition of 10 pL of 3 M HNOs. It was

electrodeposited for 50 scans at 50 mV s-1.

Resulting morphology of the deposit along with the UV-Vis spectra are
depicted in Fig. 50. The performed RIS test resulted in a very low value -
41 nm RIU-L. No SERS activity was observed.
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4.3 Reduction with iodide ions

Fig. 49 10th scans of CV at potential scan rate of 10 mV s
performed from solutions containing 0.27 mM solution of HAuCl4
in 0.1 M KNO3 with addition of 10 pL of 3 M HNO3 and different
concentrations of KI - 0.01 mM, 0.09 mM and 0.18 mM; inset shows
UV-Vis spectra of respective samples measured in air.

Fig. 50 Morphology (A) and UV-Vis spectrum (B) of platform
fabricated using 0.18 mM KI, 0.27 mM HAuCls, 10 pL of 3 M HNOs3 in
total volume of 6.2 mL of 0.1 KNO3, electrodeposited for 50 scans at
50 mV s (scale bar on SEM image represents 500 nm, UV-Vis
spectrum recorded in air).
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4.4 Summary and conclusions

This chapter of the dissertation was dedicated to the use of cyclic voltammetry
to obtain gold-based plasmonic platforms. To evaluate obtained substrates
scanning electron microscopy, UV-Vis spectroscopy and/or surface enhanced

Raman spectroscopy were used.

The experiments showed that the range of potentials used influences the
morphology of obtained deposits. The projected radii of particles as well as
the surface coverage decrease with the increase of the potential scan rate. Also

they increase with the increase of the number of performed scans of the CV.

In case of the AuNPs electrodeposition three bath compositions resulted in
platforms with promising plasmonic properties. AuCitNPs platform was
fabricated in the range of potentials 0.5 - -0.8 V for 25 scans at 10 mV s'1. The
solution contained 0.27 mM of chloroauric acid and 0.09 mM of trisodium
citrate in total volume of 6.2 mL of 0.1 M KNOs. Calculated SERS enhancement
factor value was 5x107. AuGIluNPs platform was electrodeposited at the same
electrochemical conditions from the solution containing 0.27 mM of HAuCls
and 0.09 mM of glucose in total volume of 6.2 mL of 0.1 M KNOs. Calculated
SERS enhancement factor was 1x107. For both aforementioned platforms it was
impossible to establish refractive index sensitivity because of a very broad and
irreproducible resonance peaks on the UV-Vis spectrum. Opposite situation
occurred for the AuINPs electrodeposited (50 scans at 50 mV s1) from
0.27 mM solution of HAuCls and 0.18 mM solution of KI with the addition of
10 pL of 3 M HNO3 in total volume of 6.2 mL of 0.1 M KNO3. The AuINPs
platforms were inactive in SERS experiments, but well established plasmon
resonance peak allowed to measure refractive index sensitivity which was
41 nm RIU-L
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Chapter 5

Applications of obtained plasmonic-active
platforms

Previous two chapters of the dissertation were dedicated to the preparation
process of plasmonic-active platforms. This part will present possible
applications of obtained platforms.

To show the applicability for surface enhanced Raman spectroscopy, two
platforms were chosen - AgCitNPs and AuCitNPs. They were used to detect

neurotransmitters.

For use in LSPR AgCitNPs were chosen. They were suitable to study the
dielectric properties of bacteria, binding of lectins to sugars and detection of

bacteriophages using specific antibodies attached to the platform.

4.1 Surface Enhanced Raman Spectroscopy (SERS)

4.1.1 SERS of neurotransmitters

Neurotransmitters are chemical moieties responsible for signaling between
cells of the nervous system, muscles and glands. They convert chemical signals

into electrical ones. When the membrane of the nervous cell is depolarized,



molecules of the neurotransmitter are released and can diffuse to the
neighboring cell. There they are binding to the specific receptors thus changing
the polarization of the cell membrane. If the depolarization is strong enough
(so the number of attached neurotransmitters is sufficient), the signal is

propagated along the cell to its other end.

Neurotransmitters were discovered in 1921 by Otto Loevi, who showed that
neurons are communicating by releasing chemicals (1936 Nobel Prize in
Physiology or Medicine [186]). The main division of neurotransmitters includes
amino acids (e.g. glutamate, D-serine, y-aminobutyric acid (GABA), glycine),
peptides (e.g. somatostatine, opioid peptides), monoamines (e.g. dopamine,
epinephrine (adrenaline), serotonin), gasotransmitters (e.g. nitric oxide, carbon
monoxide), ions (e.g. zinc ion) and others (e.g. acetylcholine, adenosine).
Disturbed levels of neurotransmitters are connected with many disorders, like
Alzheimer’s [187] or Parkinson’s disease [188], depression [189], insomnia
[190], addictions [191] and others. [192]

For detection of neurotransmitters at a physiological level, SERS was
considered a well suited method. To date their spectra have been recorded on
colloidal silver nanoparticles [193], rough silver electrodes [194] and

polymer-coated silver electrodes. [195]

In this study detection of dopamine, epinephrine, acetylcholine and choline
(precursor of acetylcholine) was shown. Moreover, comparison between
fabricated AgCitNPs platform and commercially available Klarite™ platform

was done.

AgCitNPs platforms were electrodeposited accordingly to the description in
Section 3.3. SERS measurements were carried out on dried samples using
a Renishaw inVia Raman system described in Section 2.1.4. The normal Raman
spectra were acquired for 20 min. For SERS experiments the spectra were
acquired for 90 s with the laser emitting at 785 nm. The power measured at

the sample was 5 mW for experiments with 4-ATP and 10 mW for
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4.1 Surface Enhanced Raman Spectroscopy (SERS)

neurotransmitters and choline. When presenting the results, the spectra have
been normalized by the laser power and the collection times.
Neurotransmitters (all purchased in Sigma Aldrich) were adsorbed on the
surface of AgCitNPs for 8 hours from respective solutions: 7x10*% M for
epinephrine, 4x10°¢ M for acetylcholine, 2x10¢ M for choline and 1x107 M for
dopamine. Accumulation time was 90 s. Physiologically relevant
concentrations are in the same range for acetylcholine [196], dopamine [197]
and choline. [198] Adsorption of choline on Klarite™ platform proceeded for
8 hours from 1 M solution (the lowest concentration possible to measure) and

the accumulation time was 15 min.

In the first step the comparison between AgCitNPs platform and Klarite™
platform was performed. For that purpose 4-ATP was adsorbed on both
platforms from 106 M solution (8 hours). Recorded spectra are presented in
Fig. 51.

Fig. 51 Comparison of SERS spectra obtained from 10-¢ M solution of
4-ATP on commercial platform (Klarite™, black spectrum) and on
AgCitNPs both, freshly prepared (green spectrum) and after
3 months of storage (red spectrum).
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It was calculated that Klarite™ provides three orders of magnitude lower
signal than AgCitNPs. Moreover, its stability decreases rapidly within hours
(results not shown) while AgCitNPs platforms lose about 15% of signal after 3

months of storage on shelf under ambient conditions (red spectrum in Fig. 51).

Since for SERS platforms reproducibility and repeatability are crucial factors,
the correlation coefficient was calculated. In order to do that spectra of 4-ATP
were recorded on 25 different spots of a single AgCitNPs platform. 25 different
platforms were used (5 batches, 5 different platforms from each). At first, the
background subtraction, the Savitzky-Golay smoothing (window size of 39 date
points with second order polynomial) and the normalization of all spectra was
done. Next, correlation coefficients between all nonidentical spectral pairs (i#j)

in the same data set were determined from the equation 13:

P ;= Tkea L) -1 (1;G0)-1))

LJ O'iO'j

(13)

where i, j is the index of the spectra in the data matrix, kis the wave number
index of the individual spectra, / is the spectral intensity, W is the spectral
range, and oi is the standard deviation of the spectrum. Once the correlation
coefficients A; are calculated, the average of the off-diagonal correlation

coefficients (I') can be determined:

N N
2)iz1Xj=1Pij

I'= N(N-1)

(14)

I' defined that way is a very useful parameter for quantitative assessment of
spectral reproducibility. I" varies between 0 and 1, where 1 is the case of
identical spectra and O the case of completely uncorrelated spectra. In case of
AgCitNPs platforms the cross-correlation coefficient I was as high as 0.96 (the
same protocol used for Klarite™ platforms resulted in I in a range of
0.85-0.9). Exemplary SERS spectra of p-ATP from four different
measurements on the same platform are presented in Fig. 52a. In each tested
region, the same modes appear with very high reproducibility with only
a slight variation in amplitude for some of the higher wavenumber modes.

Fig. 52b shows the normalized second derivatives of the spectra. The almost
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4.1 Surface Enhanced Raman Spectroscopy (SERS)

complete overlap in features observed in the second derivative spectra
indicates that the differences in the SERS spectra are mainly due to baseline
variations and not due to variations in peak positions or in relative peak

intensities.

Fig. 52 SERS spectra of p-ATP from four different measurements on
the same AgCitNPs platform (a). (b) second derivative of SERS
spectra with calculated cross-correlation coefficient of 0.96.

Detection of neurotransmitters on Klarite™ platforms was impossible even
after adsorption from 1 M solution with 15 min of accumulation of the signal.
Unlike AgCitNPs, where the signal is strong and bands are well developed after
accumulation time as short as 90 s (Fig. 53b). Spectrum “a’ in Fig. 53 shows
the normal Raman spectrum obtained for 10-3 M solution of choline. Spectrum
“b” was obtained after adsorption from 2x10-¢ M solution of choline. The most
characteristic bands can be found at 714 cm?! and 764 cm! (symmetric
stretching vibrations of the four C-N bonds of the quaternary ammonium

group for the gauche and trans conformations of the O-C-C-N+* backbone,
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respectively) and at 954 cm! (asymmetric stretching vibrations of the C-N
bonds ). [199]

Fig. 53 a - normal Raman spectrum of 10-3 M solution of choline;
b - SERS spectrum of 10¢ M solution of choline recorded on
AgCitNPs.

Furthermore, SERS spectra of epinephrine, acetylcholine and dopamine in
physiologically relevant concentrations were recorded on AgCitNPs platforms.

All spectra are presented in Fig. 54 a, b and c, respectively.
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4.1 Surface Enhanced Raman Spectroscopy (SERS)
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Fig. 54 SERS spectra of (a) epinephrine adsorbed onto AgCitNPs
surface from 7x10* M aqueous solution, (b) acetylcholine adsorbed
onto AgCitNPs surface from 4x10¢ M aqueous solution, (c)
dopamine adsorbed onto AgCitNPs surface from its 1x107 M
aqueous solution.

To summarize, AgCitNPs platforms are better than commercially available
ones (Klarite™) in terms of enhancement of the signal, reproducibility or
stability. Well developed, distinct spectra of neurotransmitters at

physiologically relevant levels were recorded.

4.1.2 Detection of choline-like particles in a blood serum

The choline (Fig. 55) fits the original definition of a vitamine - an amine which
can be synthesized in human organisms only in small amounts and has to be
consumed in the diet. [200] In the body choline plays many roles - as a part of
structural (e.g. glycerophosphorylcholine) or signaling membrane
phospholipids (e.g. sphingomyelin), as a precursor for betaine (which is the

donor of methyl groups for consecutive processes) and acetylcholine (the
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neurotransmitter). It was proven on animals that choline nutrition is crucial
since the fetal life and has life-long consequences, e.g. can affect cognitive and
memory functions [200] and influence the work of the liver, kidneys, heart.
[201] Nowadays the choline level in the whole blood and in plasma has been
proposed as a biomarker for acute coronary syndromes. [202] Furthermore,
the level of total choline-containing compounds is used as a biomarker for

tumours, especially for breast and prostate cancer. [203, 204]

Fig. 55 Structures of choline and choline-like molecules.

Since its discovery in 1862, choline was the subject of intense research. [201]
The first Raman spectrum of free choline was published in 1943 by Edsall.
[205] It is known that usually choline adsorbs to the negatively charged surface
with its positively charged head. Surprisingly, even though the role of choline
in living organisms is quite well established, there are not so many reports
about experiments with choline involving Raman spectroscopy. Possibly, it is

because the preparation of samples containing choline and choline-like
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4.1 Surface Enhanced Raman Spectroscopy (SERS)

compounds is very fastidious. To establish the real level of free choline in e.g.,
whole blood or plasma samples, it is necessary to inactivate all enzymes which
could turn choline metabolites into free choline (e.g. with special kit [206] or
acetonitrile [207]). It was shown that in blood serum incubated in room

temperature the level of choline increased sevenfold within 72 h. [207]

Examples of measuring levels of choline in natural samples using surface
enhanced Raman spectroscopy (SERS) are described e.g. by Yan and Reinhard
[208] and Huang et al. [209]

The study presented in this dissertation attempts to determine the level of
choline and choline-like compounds in human plasma using SERS on AuCitNPs

platform.

AuCitNPs were electrodeposited accordingly to the description in Section 3.3.
SERS measurements were carried out on wet samples using a Renishaw inVia
Raman system equipped with a 300 mW diode laser emitting at 785 nm
(described in Section 2.1.4). The normal Raman spectrum of choline was
acquired for 20 min. For SERS experiments the spectra were acquired for 90 s
with the laser power measured at the sample being 10 mW. Prior to SERS
measurements AuCitNPs platforms were immersed into adequate solutions for
8 hours. The calibration curve for choline (Sigma Aldrich) was prepared in the
range of concentrations from 106 M to 10-3 M. All solutions were made in 0.9%
NaCl. Each calibration point was measured 3 times. The whole blood sample
from a healthy patient was provided by Regional Center of Blood Donoring.
The blood was centrifuged within an hour after collection in 3 kDa filter tube
at 3000 rpm for 15 minutes. Next, it was heated to 70°C for 30 min to inhibit

the enzymes, cooled and stored in fridge prior to use.

Fig. 56 shows normal Raman spectrum of choline powder. The highest band, at
around 720 cm! (marked with a star), is assigned to N-Cs4 tetrahedrally
symmetric stretching vibration. [57] The intensity of this band was taken as an

indicator of the level of choline and choline-like compounds in the sample.
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Fig. 56 Normal Raman spectrum of choline powder

Calibration was performed for four concentrations of choline - 106, 5x10-5, 104
and 103 M. For the lowest level no distinguishable band was observed around
715 -720 cml. Fig. 57 depicts an exemplary SERS spectrum obtained at
AuCitNPs platform from 10-3 and 5x10> M solutions. The choline band was
marked with a star. The inset shows calibration curve calculated for the

integrated area of the N-Cs band.

In the next step it was checked whether it is possible to obtain SERS spectrum
of blood plasma on AuCitNPs and whether the 715 cm! choline band is visible.
Resulting spectrum is shown on Fig. 58. As can be seen many bands are
distinguishable and even though the background level is quite high (spectra
are shown without background subtraction). The band around 715 cm! is also
visible but it is hard to conclude if it is a single peak or not. Additionally,
during the calibration it was impossible to obtain choline spectrum at
physiological concentration (in the range of 10-¢ M [198]). Consequently, one
can conclude that the detectable N-C4 band comes not only from choline but

also from choline-like compounds like betaine or acetylcholine.
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4.1 Surface Enhanced Raman Spectroscopy (SERS)

Fig. 57 Examples of SERS spectra obtained for 103 M and 5x10°> M
solutions of choline on AuCitNPs platforms; inset shows calibration
curve obtained for the integrated area of the 715 cm-! band.

Fig. 58 SERS spectrum of human blood plasma obtained on
AuCitNPs; the star indicates the 715 cm-! band of choline.

99



In order to check whether the star-marked band on Fig. 58 is from N-Cs
vibration, 1 mmole of choline was added to the diluted blood plasma (1:10
with 0.9% NaCl). The dilution was made to decrease the background level and
diminish the input from choline-like molecules. Next the area of obtained
715 cm! band (marked with a star in Fig. 59) was integrated and compared
with the calibration curve presented in inset of Fig. 57. Resulting level was
estimated to be 0.6 mM. This underestimation shows that AuCitNPs are not
suitable for quantitative measurements of the level of choline in blood

samples.

Fig. 59 SERS spectrum of diluted blood plasma with 1 mmole of
choline added; star indicates the choline band at 715 cm-1.

SERS spectrum of natural human blood plasma was recorded on AuCitNPs
platform. It was possible to distinguish the N-Cs4 tetrahedrally symmetric
stretching vibration band characteristic for choline and choline-like
compounds. Unfortunately it was impossible to measure quantitatively the

concentration of choline in the sample.
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4.2 Localized Surface Plasmon Resonance (LSPR)

4.2 Localized Surface Plasmon Resonance (LSPR)

4.2.1 Activity of platforms towards changing concentration of Bovine
Serum Albumin

Bovine Serum Albumin (BSA) is a model protein used in biochemistry and
molecular biology. It is used in immunoassays to prevent non-specific
adsorption of analytes [210], in stabilization of enzymes [211], in cells and
microbial cultures. [212] It is neutral and does not exhibit its own enzymatic
activity. In standard procedures it is used as a negative control for biosensors.
For the purpose of this study BSA was used as a standard biomolecule which

accumulation on the surface of the sensing platform was monitored.

AgCitNPs were electrodeposited as it was described previously in Section 3.3.
The UV-Vis measurements of dried samples were performed. The 100 pL
droplets of water solutions of BSA (Sigma Aldrich) were applied on the surface
of AgNPs platform, left for 30 min and dried with a stream of nitrogen. After
a measurement a droplet of more concentrated solution was applied on the
same platform and the procedure was repeated. The range of tested

concentrations was from 10-12 M to 106 M.

Fig. 60 shows the peak of interest of native AgCitNPs sample and after
applying 10-1© M, 108 M and 10-¢ M solutions of BSA. In Fig. 61 it can be seen
how the maximum of the resonance peak shifts upon applying additional
amount of the analyte. It is in agreement with the intuition that for very small
amounts of the analyte the signal is not changing. Also, when the sensing
surface is “saturated”, the resonance wavelength does not change and the
system reaches the second plateau. This can be clearly seen with the fitting
line on the Fig. 61A (fitted with the Hill function with the RZ = 0.998). Fig. 61 B

shows more precisely the inflection point.
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Fig. 60 UV-Vis spectra of AgCitNPs obtained after applying 10-¢ M,
108 M and 1010 M solutions of BSA (curves green, blue and red,
respectively) with respect to the native AgCitNPs platform (black
curve) measured in air.

Fig. 61 Shift of the resonance wavelength upon increased BSA
concentration applied onto the surface of the AgCitNPs platform;
A - concentrations range from 1012 M to 10¢® M with the line of
trend; B - concentrations range from 10-10 M to 107 M to show the
inflection point
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4.2 Localized Surface Plasmon Resonance (LSPR)

The accumulation of BSA on the surface of the AgCitNPs platform was
monitored. The observed trend fits the Hill function which is a classical
concentration-response curve. [213] These results can be seen as a proof of
concept that the AgCitNPs LSPR platform can be used for biomolecular

detection.

4.2.2 Detection of binding between lectins and sugars

Lectins are highly specific carbohydrate-binding proteins. They are present in
all living organisms - viruses, plants and animals. [214] They are responsible
for a broad range of biological processes - from fertility and interactions of
cells in the immune systems, through handling and removing of glycoproteins
from the system to agglutination of red blood cells. [215] Their role in cell
recognition, especially influence on adhesion of the infectious agents to host
cells, has to be emphasized. [216] First described lectin was ricin, isolated from
castor plant by Peter H. Stillmark in 1888. [217] Concavalin A (ConA) was the
first lectin purified and commercialized. It is isolated from a jack bean and

nowadays is widely used as a model lectin.

Lectins and carbohydrates form a non-covalent, reversible and very specific
bond. The binding site is usually a shallow pocket with numerous hydroxyl
groups creating a network of weak hydrogen bonds between lectin and bound
molecule (see Fig. 62A). [214] The main criterion in the lectins classification is
the monosaccharide ligand toward which they exhibit the highest affinity. Five
classes are distinguished: mannose-, N-acetylglucosamine-, fucose-,
galactose/N-acetylgalactosamine- and N-acetylneuraminic acid-specific lectins.

All these sugars (except fucose) have the D-configuration.

In the literature one can find several reports about studying lectin-
carbohydrates interaction using plasmonic techniques. SPR and LSPR
experiments are performed mostly on gold-based substrates. [218-222] Only
the group of van Duyne compared results of binding of ConA to mannose

obtained in SPR and LSPR experiments, where LSPR was performed on AgNPs
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fabricated by a nanosphere litography. [223] Nevertheless, all used systems are
quite complicated, e.g. Ogiso et al. used dendrimer-coated colloidal gold (where
carbohydrates are bound to dendrimers) [222] and Endo et al created
a developed surface by covering silica particles with a layer of gold. [220] Work
of Bhattarai et al [219] and Bellapadrona et al [218] required synthesis of

modified carbohydrates which would bind to the surface of the sensor.

Fig. 62 A - The binding site of Maackia amurensis lectin complexed
with sialyllactose; occurring interactions are shown with dashed
lines (source: [214]); B - structure of Lens culinaris lectin in complex
with alpha-D-glucopyranose (bound carbohydrate molecules are
indicated with black arrows; source: [224] available from RCSB
Protein Data Bank)

In this study carbohydrates were immobilized in graphene-based layers
applied on top of AgCitNPs. Graphene oxide (GO) or reduced graphene oxide
(rGO) were applied via spin-coating. Carbohydrates were immobilized during
simple soaking in the proper water solution of the sugar. The binding between
Lens culinaris (LC) and Maackia amurensis (MA) lectins with adsorbed
carbohydrates was examined via LSPR. LC lectin is obtained from lentil seeds.
It is a glucose binding protein (has also smaller affinity to mannose). It exhibits
the isoelectric point (pI) at pH of 7.6 - 8.4. Its molecular weight is 50 kDa. [181]
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4.2 Localized Surface Plasmon Resonance (LSPR)

The structure of LC lectin is presented in Fig. 62 B. MA lectin is obtained from
Amur tree. It binds to N-acetylneuraminic acid (sialic acid) and galactose
residues. Its molecular weight is 130 kDa and it exhibits a pI at pH of 4.7. [181]

The AgCitNPs platforms were electrodeposited according to the protocol
described in Section 3.3. Graphene oxide was obtained in modified Hummer’s
method according to the procedure described by Das et al. [225] Half milligram
(0.5 mg) of the synthesized GO was dispersed in 1 mL of acetonitrile and
exfoliated through ultrasonication for 3 h. This suspension of GO was used as
a stock suspension in subsequent experiments. Reduced graphene oxide (rGO)
was obtained by refluxing GO in hydrazine hydrate according to the procedure
described by Yang et al. [226] Half milligram (0.5 mg) of the synthesized rGO
was dispersed in 1 mL of acetonitrile and exfoliated through ultrasonication
for 3 h. This suspension of rGO was used as a stock suspension in subsequent

experiments.

To assure good adhesion of carbohydrates the layer of GO or rGO was applied
onto the AgCitNPs via spin-coating (2000 rpm for 30 sec). 25 pL of the proper
stock solution was used to obtain one layer. In the next step carbohydrate was
adsorbed from 100 mM water solution for 4 hours. Afterwards, platforms were

rinsed carefully with deionized water and used immediately.

In order to observe binding of lectins to sugars a droplet (30 pL) of given
solution of lectin was applied onto the prepared surface and left for 90
minutes, washed gently with an appropriate buffer solution and measured in
the same buffer. 0.1 M phosphate buffer of pH 6.8 or 7.2 was used for LC and
MA, respectively (according to recommendation of lectins® producer - Sigma
Aldrich).

In the first step the AgCitNPs platforms were covered with different number of
GO layers. The uniformity of applied layers was checked with SERS

measurements. As it was predicted, the intensity of GO characteristic band at
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1600 cm! (Fig. 63A) was proportional to the number of applied layers
(Fig. 63B).

Fig. 63 A - SERS spectra obtained for different number of GO layers
on AgCitNPs platform (laser wavelength: 785 nm, acquisition time:
5 sec, laser power: 10 mW); B - correlation between the intensity of
the 1600 cm! band of GO and the number of layers applied

In the next step of the experiment the comparison between binding of LC and
MA to the carbohydrates was done. As it was described before, LC is a glucose
and mannose binding lectin while MA should not bind to those carbohydrates
and should act as a negative control. For that purpose comparison of changes
in the resonance wavelength shifts was made depending on the adsorption of
lectins on bare GO and GO with sugar. Results are presented in Fig. 64. In both
systems (with glucose (glu) and with mannose (man)) the responses coming
from different lectins were very similar. In case of LC lectin addition of sugar
to the system caused an increase of obtained resonance shift. Interestingly, for
MA lectin addition of sugar caused a decrease of the shift so the specificity of
the binding was improved. However, the shift obtained for MA lectin adsorbed
on bare GO is quite big. It can be caused by interactions between hydroxyl and

carboxylic groups of GO with the protein.
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Fig. 64 Differences in obtained shifts of the resonance wavelength
after adsorption of LC or MA lectins on the platforms covered with
GO (bare or with adsorbed glucose (glu) or mannose (man)).

Since the binding between LC lectin and adsorbed sugars was confirmed, the
response of the system upon change of the concentration of the lectin was
tested (Fig. 65A). Different concentrations of LC lectin (from 1 pg mL? to
1000 pg mL-1, which corresponds to range from 20 nM to 20 pM) were
adsorbed on the GO-covered platforms with adsorbed glucose (100 mM). The
profile of the shift of resonance wavelength fits the one presented in Fig. 60
for model molecule of BSA. The amount of the analyte determines how big
shift is observed. Also, the influence of the amount of carbohydrate (glucose or
mannose) was examined by immersing platforms covered with GO in different
solutions of the adequate sugar. Concentrations varied from 1 to 100 mM (the
zero point was measured after immersion into deionised water). After 4 hours
of sugar adsorption platforms were washed gently with deionised water and
used to bind LC lectin (500 pg mL-! solution). A significant shift obtained for
system without any sugar suggests strong interactions between GO and LC
lectin. Larger shifts obtained for glucose (red bars in Fig. 65B) indicates the
creation of stronger bonds between LC and glucose than between LC and
mannose. As a result the highest resonance wavelength shift was obtained
when 500 pg mL1 LC lectin was adsorbed on GO-covered AgCitNPs platform
with 100 mM glucose adsorbed.
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Fig. 65 A - Shift of the resonance wavelength upon changes of
concentration of LC lectin adsorbed on the AgCitNPs platform
covered with GO and 100 mM of glucose; B - Comparison of shifts
of the resonance wavelength obtained for 500 pg mL-! solution of LC
lectin adsorbed on the AgCitNPs platform covered with GO and
different amounts of sugars.

To eliminate strong interactions between GO and lectins the system was
changed. Instead of GO, the reduced GO (rGO) was used. In the first step
interactions between lectins and above-mentioned types of graphene used
were compared (Fig. 66). As can be seen reduction of GO eliminated almost
completely nonspecific interactions between graphene-based coverage and

lectins.

Subsequently tests with binding of 500 ng mL-1 LC lectin to different adsorbed
sugars were performed. Additionally the 3rd sugar was added to the
comparison - a disaccharide, lactose, which should not interact specifically
with either of the lectins (second negative control). On the basis of the results
presented in Fig 67A one can conclude that the non-specific interactions

(LC-lactose) cause approximately a 3 nm shift in the resonant wavelength.
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4.2 Localized Surface Plasmon Resonance (LSPR)
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Fig. 66 Comparison of shifts of the resonance wavelength of
AgCit(T)NPs obtained as a result of interactions between LC and MA
lectins with GO and rGO.

The strongest effect is observed for the adsorption of LC lectin on 100 mM
glucose. As a confirmation, additional experiment was carried out. The binding
of LC and MA lectins (both in concentration 500 pg mL1) to 100 mM sugars
adsorbed on rGO was compared, as shown in Fig 67B. The most specific
response comes from binding of LC with glucose. Surprisingly, there is no clear
dependence between amount of adsorbed glucose and the height of the
resonance shift. Probably it is caused by interactions occurring between rGO
and the carbohydrate. This phenomenon can also be the cause of some non-
specific interactions of MA lectin with glucose and mannose. Interactions of
both lectins with lactose result in very similar shift of ~3 nm suggesting lack of

specific binding.
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Fig. 67 Comparison of binding of 500 ng mL1 lectins to different
sugars adsorbed on rGO layer at AgCit(T)NPs: A - differences in
binding of LC lectin resulting from different concentrations of
adsorbed sugars, B - differences between LC and MA lectins
adsorbed on 100 mM sugars.

The last experiment illustrates the shifts of the resonance wavelength as
a function of the LC concentration (Fig. 68). For that purpose, the rGO-covered
AgCitNPs with adsorbed glucose were used as a sensing platform. The trend
observed is the same as in the case of GO-covered AgCitNPs - the signal starts
to grow significantly above 100 pg mL! of LC lectin, reaches peak at
500 pg mL! and drops at the highest concentration. The reason of dropping is
unknown. Probably it is caused by damping the plasmon resonance by thick

layer of lectins.

In this section the specific and nonspecific interactions between lectins and
sugars were investigated using the prepared AgCitNPs platforms. Silver
nanoparticles were covered with graphene-based material in oxidized or
reduced form acting as a matrix for sugar adsorption. On GO the non-specific
binding between GO and lectins caused a large shift in the resonance pealk,

which made these platforms unsuitable for studies of lectin-sugar binding.
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Fig. 68 Shift of the resonance wavelength upon change of
concentration of the LC lectin measured for platform with 100 mM
glucose adsorbed on rGO.

It was shown that use of reduced graphene oxide diminished nonspecific
interactions between the substrate and lectins. It was visible that LC lectin
preferentially binds to glucose but relatively large amount of sugar was needed
to cause a significant shift in the resonance wavelength. Random, nonspecific
interactions exhibited shifts of the resonance wavelength in a range of 3 nm.
A similar shift was found for binding of mannose, showing that the interaction

between both lectins and mannose is largely non-specific.

4.2.3 LSPR study of dielectric properties of bacteria

The main classification of bacteria types is based on the differences in the
structure of the cell wall. The cell wall of Gram-positive bacteria (G+) is thick
and consists of inner membrane and many layers of peptidoglycan and
teichoic acids. The cell wall of Gram-negative (G-) bacteria is relatively thin and
contains only a few layers of peptidoglycan. Beside inner membrane also outer

membrane is present in G- bacteria, with lipoproteins and lipopolysaccharides
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in its structure. Standard method of distinguishing G+ and G- bacteria is the
Gram staining. Problems with this protocol (e.g. false-positive or false-negative
results, vulnerability to operators’ errors) lead to development of alternative or

complementary methods like KOH string test or fluorescent staining. [227-229]

There are situations e.g., in food or pharmaceutical industry, when it is very
useful to distinguish bacteria due to their viability. Aside from being alive or
dead, bacteria could also exist as viable but non-culturable cells (VBNC). [230]
Bacteria enter VBNC state as a response to the external stress, e.g. starvation.
This is a state of low metabolic activity in which cells demonstrate reduced
nutrient transport, rate of respiration and synthesis of macromolecules. It is
generally accepted that VBNC cells are alive but incapable of undergoing the
cell division necessary to grow and to form colonies on growth media. [231] If
VBNC cells are present, the total number of viable bacteria will be
underestimated by classical colony count method. Ultimately, the sample
might give false negative result, if all bacteria are in VBNC state. The risk
emerges from the ability of VBNC cells to resuscitate into culturable cells
under suitable conditions. [112] Therefore, the detection of bacteria in VBNC
state is of importance for medical diagnostics, food industry and maintenance

of water distribution systems to name only a few.

From differences in the morphology of the bacterial cell wall (size, proteins
amount, etc.) or in viability arise also differences in electric properties. [232,
233] In living cells the membrane potential is caused by the accumulation of
mobile electric charge carriers at the membrane surfaces which move under
oscillating electric field. [234] For instance, it was experimentally established
that the effective dielectric constant is higher for G+ bacteria than for G-
bacteria. [235] Also the state of the bacteria influences the electric properties
of the cells. Beside differences in metabolism, gene expression, resistance and
virulence potential also the cellular morphology, cell wall and/or membrane
composition and adhesion properties distinguish live and VBNC cells. [236]
Upon the cell death the membrane potential drastically changes. [234, 237,
238] Such effects were measured by techniques sensitive to the changes in
electrical properties (as dielectric spectroscopy [239] or electrostatic force
microscopy [235]) and explained by mathematical models. [234] Therefore, the
electric properties of the G+, G-, live, VBNC and dead cell should be
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4.2 Localized Surface Plasmon Resonance (LSPR)

pronounced. Moreover, plasmonic sensors - sensitive to the dielectric
properties of the sample, were used to monitor the growth of the bacterial
colony [240, 241] and cell distinguishing. [242] Majority of such experiments
was based on detection of mass adsorbed at the surface through the specific
recognition elements (e.g. antibodies). Such measurements gave almost no

information on properties of bacteria themselves.

In this part of the dissertation dielectric properties of Gram-positive and
Gram-negative bacteria were studied by measuring the shift in localized

surface plasmon resonance wavelength.

The AgCitNPs platforms were electrodeposited according to the protocol
described in Section 3.3. Bacteria were cultured according to standard
protocols. Escherichia coli BL21 (G-), Serratia marcescens PCM 549 (G-),
Enterobacter aerogenes PCM 1832 (G-), Corynebacterium glutamicum PCM 1945
(G+) and Staphylococcus epidermidis wild type (G+) were cultured in lysogeny
broth (LB) medium, and Lactobacillus casei PCM 476 (G+) in MRS medium. The
media in the form of instant mixes were purchased from Carl-Roth (Germany).
First, the single colony from agar plate was inoculated into the proper medium
for overnight culturing (28°C in case of S. marcescens and 37°C in case of other
strains, 200 rpm). Then the bacteria suspensions were centrifuged at 3000 rpm
for 4 minutes and resuspended in sterile 0.1 M phosphate buffer of pH equal
to 7.5. The centrifugation - resuspension cycle was repeated two times before
further experiments. The colony count method after seeding the bacteria onto
agar plate was used for determination of concentration of bacteria within the
samples. Colony forming units (CFU) can be directly correlated with the

number of bacteria within the specific volume of the suspension.

To evaluate the effect of AgCitNPs and light beam on the studied bacteria the
number of bacteria (expressed in CFU per mlL) was controlled after the
experiment with AgCitNPs and after the control experiment without AgCitNPs.

Again colony count method was used and 25 plL was spread onto the agar
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plates. The agar plates were incubated in 37°C for 24 hours and number of

colonies on each plate was analyzed.

The viable but non-culturable (VBNC) state of the E. coli cells was induced
according to the protocol described by Arana et al. [243] Shortly, the 250 mL of
overnight bacteria culture in LB medium was centrifuged at 3000 rpm for
4 minutes and resuspended in 250 mL of sterile seawater. Then the suspension
was centrifuged and resuspended again in 250 mL of sterile seawater.
Afterwards such sample was placed in incubator (37°C, 200 rpm) for 20 days.
Such protocol results in roughly constant overall number of viable bacteria in
the span of the experiment, small number of dead bacteria and the ratio
between viable and culturable and viable but non-culturable cells around 1 to
1000. Samples were analyzed using SEM according to criterion of

morphological changes of VNBC bacteria.

To deactivate the bacteria without destroying their integrity we utilized UV
irradiation. [244] The small volume of bacteria suspension (the same batch as
used for experiment with native bacteria) in 0.1 M phosphate buffer of
pH = 7.5 was placed in sterile petri dish and irradiated for 30 minutes.
Roth-H468.1 (Germany) UV lamp of total power of 16 W and two irradiation

wavelengths (254 nm and 366 nm) was used.

A second portion of bacteria (from the same batch as used for experiment with
native bacteria) were disrupted to form lysates with the use of ultrasonic
homogenizer Sonics Vibra-cell VCX130 (US). The bacteria suspensions were

sonicated for 2 minutes at 100 W.

The portions of the stock suspension of bacteria (G+ or G-; native, UV-treated
or lysate - specified in proper section) were subsequently added to the cuvette
containing the AgCitNPs substrate and 1.5 mL of phosphate buffer (0.1 M,
pH 7.5), mixed gently and left for 15 min. After that time the UV-Vis spectrum
was recorded. The ultimate result was obtained after the subtraction of the
spectrum of the same bacteria concentrations but without AgCitNPs substrate.
This was done to assure that the change of the optical density of bacterial
suspension itself was not changing the LSPR signal. All measurements were

performed independently on three separate AgCitNPs substrates.
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At first, it was confirmed that prepared AgCitNPs substrates showed very low
antibacterial activity in the time span of the experiment. The number of E. coli
cells in the suspension exposed to AgNPs substrates did not differ significantly
from the control, i.e. suspension cultured in absence of any substrate (see
Fig. 69). As the contact between bacteria and studied AgNPs substrates was
restricted by geometry it had negligible effect on the tested bacteria.

Fig. 69 Change of E. coli number upon contact with AgNPs platform
within 24 hours (initial concentration: 1.5x108 CFU mL-1).

Next step was to evaluate how our system is responding in time to the
presence of bacteria. The AgCitNPs substrate was immersed into 5.6x105> CFU
mL1 of E. coli for 24 hours and changes in UV-Vis spectra were recorded. The
result shown in Fig. 70 shows that the resonance wavelength exhibits the
fastest shift within first 15 minutes (see inset in Fig. 70) and slows down

significantly after 4 hours of the measurement.
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Fig. 70 The shift of the resonance wavelength after immersion of the
AgCit(T)NPs substrate into 5.6x105 CFU mL! solution of E. coli for
24 hours.

To check whether or not tested substrates are responding to the change of
bacteria concentration the shift of AgCitNPs resonance wavelength was
monitored upon immersion into different concentrations of E. coli for 2 hours.
From obtained spectra (examples shown on inset of Fig. 71) the positions of
Amax were determined and plotted against bacteria concentration (Fig. 71). The
observed resonance wavelength was independent on the concentration of
bacteria below 10> CFU mL-.. In the range from 105 to 107 CFU mL-! significant
increases in resonance shift were observed with increasing concentration of
bacteria. Thus this regime was used in further experiments. Because of the
high turbidity of the suspension causing big errors 107 CFU mLl was

considered as the maximum concentration.
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4.2 Localized Surface Plasmon Resonance (LSPR)

Fig. 71 Relation between the shift of resonance wavelength and
concentration of E. coli used; inset presents exemplary UV-Vis
spectra showing shifts of the resonance wavelength of AgCitNPs
substrates upon change of concentration of E. coli (100, 3x104,
3x105, 3x106 CFU mL-1, respectively).

Several strains of G+ and G- bacteria of different shape and size were chosen
to test if there will be any difference in obtained plasmonic responses of
AgCitNPs platform. SEM observations were utilized to quantitatively describe
the geometry of studied bacteria. Calculated mean dimensions of different

strains are summarized in Table 7.

Since the evanescent field of LSPR is in a range of 50 - 100 nm, it was only
possible to record the AgCitNPs plasmonic response from the bacterial cell
wall. It was expected that the response will be influenced by three factors: area
occupied by single bacteria, chemical composition of the cell wall (its
thickness) and bacteria viability (since the dielectric coefficient differs
depending on whether the bacteria is alive or dead [239]). Because the platform
used was conductive it could be excluded that shifts observed come from the
direct charge of bacterial cells. To confirm this assumption a series of

experiments was performed.
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Table 7 Summary of the sizes of the measured bacterial strains
(“surface area” means the area of the whole cell wall and “area
occupied” means the area of the bacterial cross-section parallel to
the surface). n =50 cells

E E S. S. L. C
coliBL21  aerogenes  marcescens epidermidis  casei glutamicum
G) &) &) G+ G+ G+
Length  2.83 + 1.50 + 0.88 + 0.78 + 1.56 + 1.27 +
[hm] 0.53 0.32 0.16 0.11 0.42 0.25
Width 1.03 + 0.75 = 0.59 + 0.73 = 0.49 + 0.86 +
[hm] 0.14 0.18 0.09 0.09 0.06 0.11
Ratio 2.80 2.07 £ 1.51 = 1.08 + 3.28 + 1.49 +
L/W 0.70 0.50 0.26 0.11 1.19 0.32
Volume 1.58 + 0.44 = 0.16 = 0.23 = 0.20 = 0.50 =
[m3] 0.53 0.24 0.05 0.09 0.07 0.16
i‘;gﬁace 758+ 3.02+ 146+ 179+ 1.96+  3.10=+
1.92 1.25 0.49 0.49 0.55 1.09
[nm?]
Ar€d 5094 088+ 041+ 045+ 060+  0.86+
occupied
[um?] 0.53 0.29 0.10 0.12 0.18 0.20

First, two pairs of G+ and G- strains of similar shapes were compared (Fig. 72).
E. coli (G-) was compared with L. casei (G+) (more elongated shape), and
E. aerogenes (G-) with C. glutamicum (G+) (more rounded shape). The observed
courses of all curves presented in Fig. 72 were consistent with the changes of
the refractive index of growing layer of bacteria. [241] However, in both cases
the maximum shift of the resonance frequency was higher for G+ than for G-
bacteria. Obtained results were consistent with the literature data showing that
the composition of cell wall has big influence on the dielectric properties of
bacteria. The corresponding data was published by Esteban-Ferrer et al. [235]
The authors utilized Electrostatic Force Microscopy to prove that the effective
dielectric constant for Gram-positive bacteria is higher in comparison to Gram-
negative strains. Moreover, in case of studied pairs the G+ cells were smaller
than G- (see dimensions of cells in Table 7 and schematic representations on

respective graphs). Probably this was also a cause of higher resonance
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4.2 Localized Surface Plasmon Resonance (LSPR)

wavelength shifts for G+ bacteria - a greater number of smaller bacteria can be

placed on the same surface unit in comparison to bigger bacteria.

Fig. 72 Plots of the shift of resonance wavelength peak position
(AAmax) VS. concentration of bacteria showing pairs of G+ and G-
bacteria with schematic representation of their respective shapes
and sizes on scale (A and B). SEM images of respective bacterial
strains with insets showing size and shape of a single bacterial cell:
L. casei (C), E. coli (D), C. glutamicum (E) and E. aerogenes (F).

The influence of the size of bacteria cells was further examined. In Fig. 73A
and Fig. 73B are presented the graphs for different G+ and G- strains, together
with schematic representations of their sizes and shapes (adequate SEM
images can be seen in Fig. 72C - 72F and Fig. 73C - 73D). The general rule was
complied, e.g. larger shifts of the resonance wavelength were obtained for a
greater mass adsorbed on the active surface. For S. epidermidis and
S. marcescens their small size enabled adsorption of larger number of cells per
surface unit than in the case of bigger cells. Surprisingly, the change of the
resonance wavelength caused by S. marcescens (G-) was larger than change for

similar in size S. epidermidis (G+). The most probable explanation is that only
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very long flagella of S. marcescens can be seen due to small evanescent field
(50 - 100 nm). This result shows a great significance of the features of the
bacterial cell wall on the changes of the recorded signals. All other differences
between signals obtained for G+ and G- strains could be explained with

differences in the dielectric coefficient of those types.

Fig. 73 Comparison of signals obtained from different strains of
Gram-positive (A) and Gram-negative bacteria (B) of different sizes;
SEM images of S. epidermidis (C) and S. marcescens (D) with insets
showing size and shape of a single bacterial cell.

In order to distinguish living and dead bacteria using LSPR. L. casei (G+) and
E. coli bacteria were compared. Shifts of AgCitNPs resonance wavelength upon
addition of native bacteria, lysates and UV-treated bacteria were analyzed
(Fig. 74 and Fig. 75). Obtained results confirmed the assumption that the shift
of the resonance wavelength depends on area occupied by single cell, chemical

composition of the cell wall/membrane and viability of the cell.
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Fig. 74 Comparison of shifts of the resonance wavelengths obtained
for 2x10°> CFU mL? of E. coli batch in form of native cells, UV-
treated cells or lysate.

The greater shifts in the resonance wavelength were obtained for native G+
bacteria (L. casei). For UV-treated cells the shift was in the same range. In case
of lysates the signal obtained was slightly higher for G+. Those results
confirmed the assumption that the shift of the resonance wavelength depends
on area occupied by single cell, chemical composition of the cell
wall/membrane and viability of the cell. Lysates consisted of objects much
smaller than the whole bacterial cell - fragments of cell walls, membranes, DNA
and other molecules. In consequence it was possible to observe growth of the
layer of proteins obtaining the shift of about 12 nm (see right panel of Fig. 75).
The shift was greater for G+ than for G- bacteria because of differences in the
structure of the cell walls and membranes (more complicated and thicker for
G+).

UV-treated bacteria are in fact big chunks of organic matter (in the shape of
the cells, see AFM images on Fig. 76) with no metabolism. As such they do not
build up any ionic and molecular gradients and do not exhibit dielectric
properties typical for living cells. Thus, the shift of the resonance wavelength
should depend only on the size and chemical composition of the cell wall. As

can be seen on the left panel of Fig. 75 for the unit of surface bigger amount of
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smaller objects can be adsorbed (L. casei cells are smaller than E. coli cells)

resulting in higher shifts of the resonance wavelength.

Fig. 75 Comparison of the shift of Ag resonance wavelength upon
addition of UV-treated cells (left panel) and lysate (right panel) for
E. coli and L. casei.

Fig. 76 Atomic Force Micrographs of L. casei cells (A) native,
(B) UV-treated.
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Finally, the experiment with viable but non-culturable (VBNC) E. coli was
performed. As can be seen in Fig. 77 the signal from VBNC is higher than for
native bacteria. The most probable explanation bases on the fact that during
transformation into VBNC, bacteria are changing their shape and the structure
of the cell wall. Consequently they are decreasing the area occupied by one
bacterium (enabling more dense coverage of the surface). The observed shape
of the curve is very similar to the simple mass adsorption curve. It can be
caused also by a drastic decrease of metabolism observed for VBNC and, in

consequence, drastic change of dielectric coefficient.

Fig. 77 A - Comparison of the shift of Ag resonance wavelength
upon addition of native E. coli (full triangles), viable but non-
culturable (VBNC) E. coli (empty triangles); B - SEM image of VBNC
E. coli; C - SEM image of native E. coli (for both SEM images the scale
bar is 1 pm).

It was shown that the localized surface plasmon resonance is a suitable
technique for qualitative study of dielectric properties of bacteria. The
resonance wavelength shift depends on the viability and type of the
microorganism. In consequence it is possible to distinguish Gram-positive
from Gram-negative bacteria. Moreover, it is a promising tool to analyze

bacteria due to their viability. For the first time a study of changes in the
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dielectric properties of E. coli after entering VBNC state is shown. The
presented method is complementary (or alternative in some cases) to the
traditional biological practice (as the Gram staining). It bases only on the
physical properties of tested bacteria such as their size and dielectric

coefficient.

4.2.4 Detection of T7 bacteriophages

Bacteriophages are probably the most common organisms on Earth. Their
number is estimated to be around 1031 with 108 different genotypes. [245, 246]
They are very specific bacterial viruses. They use their bacterial hosts for
multiplication and propagation of mature virions and thus are natural
regulators of bacterial populations in nature. [247] Bacteriophages were
discovered in early 20t century when Ernest Hankin noticed that waters of
Ganges and Yamuna contained some antibacterial factor which prevented
people from cholera. [246] Works on the topic started with publication of Felix
Twort in 1915 and of Felix d "Herelle in 1917. [248]

Bacteriophages are composed of protein capsule enclosing the genetic material
(DNA or RNA) and of adhesins - proteins responsible for specific recognition
of host cell. Different shapes of these organisms are possible - rounded,
elongated, with or without tail. In this study T7 bacteriophage (Podoviridae
family) was used. It has a head containing DNA and a very short tail with fibers

constructed with adhesins (see Fig. 78). It is specific to E. coli.

Nowadays, there are multiple reports about using bacteriophages as
recognition elements in biosensors. [245, 249-253] Also, bacteriophages can be
used in treatment of bacterial infections as an alternative to antibiotics (also
for drug-resistant bacteria) [254] or in general prevention against bacterial
infections in both, plants and animals. [246] They are also used in food
industry, especially at fields were bacteria are used e.g. in diary production or

brewery to eradicate any unwanted species of bacteria. [245, 255]
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Fig. 78 Cryo-electron tomography images (B and C) with 3D surface
rendering (E and F) of morphology of T7 bacteriophage
(B and E - side view, C and F - bottom view); adapted from: [256]

Since bacteria are widely used in industry to produce biochemically relevant
molecules, it is crucial to monitor possible contaminations with
bacteriophages. [257-259] Furthermore, bacteriophages can be treated as
model objects (non-toxic and safe for human) in studying virus detection. [260-
262] There are several methods allowing to detect bacteriophages, among
others polymeraze chain reaction (PCR) [261, 262], biochips [257, 259], quartz
crystal microbalance [258], RNA hybridization. [263] Moreover Lesniewski et al.
showed the possibility of detecting bacteriophages using colorimetric test on
gold nanoparticles. [134] In their study LSPR effect was exploited - the UV-Vis

spectrum changed after addition of T7 bacteriophages due to aggregation of
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antibody-covered AuNPs. SPR technique was used by Garcia-Aljaro et al. to
detect E. coli-specific bacteriophages. [264]

In this study the proof of concept for detection of T7 bacteriophages by means

of LSPR on electrodeposited silver nanostructures is shown.

The AgCitNPs platforms were electrodeposited according to the protocol
described in Section 3.3. In the next step thin films of silica were applied using
plasma-assisted chemical vapor deposition (PACVD) in an Oxford Plasmalab
System 80+ (Oxford Instruments, Abingdon, UK). First samples were heated in
350°C for 2 minutes in Ar atmosphere (flow 50 mL min-). Next PACVD was
performed for 20 or 30 seconds in 350°C under following conditions: flow of
SiHs - 100 mL min-1, flow of N20 - 500 mL min-l, power - 80 W, pressure -
1 Torr.

Obtained silica layer was functionalized with (3-aminopropyl)triethoxysilane
(APTES, obtained from ABCR) via vapor deposition according to the procedure
described in [265]. Samples were placed in dessicator along with two vials
containing APTES in the first one and triethylamine (obtained from POCh) as
a catalyst in the second one (APTES to catalyst volume ratio was 3:1). The
reaction proceeded for 2 hours in N2z atmosphere. After that time reagents
were removed from dessicator and samples were left in N2 atmosphere for

next 48 hours.

As a detecting element polyclonal anti-T7-Tag antibodies from rabbit serum
were used (IgG, obtained from MBL C.O. LTD., Japan). They were bound
covalently to the -NH: functionalized surface. Carboxylic groups in antibodies
were activated with N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDC, obtained from Sigma) for 30 minutes. The solution
contained 5 pL of 0.2 M EDC, 500 pL of phosphate buffer saline (PBS, pH 7.4,
tablets obtained from Sigma) and 5 plL of antibodies (1.8 mg mlL-1). This
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solution was dropcasted (20 pnL) onto ITO|AgCit(T)NPs|SiO2|APTES platform, left
for 1 hour and washed gently with PBS.

T7 bacteriophages were cultured according to the protocol described in [134,
266]. Detection was performed after overnight adsorption of T7 from
dropcasted 20 pL droplet of 1010 PFU mL-! solution and gentle washing with
PBS.

Every stage of preparation of platforms as well as detection were monitored

using UV-Vis spectrophotometer. Each experiment was repeated three times.

Thin films of SiOz were deposited on the AgCitNPs platform to protect the
surface against Cl- ions present in PBS buffer. The thickness of the film was
55 nm for 30 seconds and 15 nm for 20 seconds of PACVD. SiO2 was chosen
because it can be easily modified using silane precursors with different
functional groups. Functionalization with APTES allowed formation of covalent
peptide bonds between -NHz-terminated silane and -COOH groups present in
antibodies. Exemplary UV-Vis spectra recorded for every stage of experiment

are presented on inset of Fig. 79.

Fig. 79 shows the shifts of resonance wavelengths between each stage of the
experiment. As can be seen covering the AgCitNPs with SiO: layers caused
a significant shift of the Amax - 31,9 nm for 20 seconds of PACVD and 32,2 nm
for 30 seconds PACVD. Mean shift after vapor deposition of APTES was larger
for 30 s sample. Those two steps were performed and measured in air. After
binding of IgG, samples were kept in PBS and all measurements were done in
PBS. The response of the system to the adsorption of IgG as well as to the
addition of bacteriophages was bigger for samples with thinner SiO2 layer. For
detection of T7, the signal was three times higher (3.04 nm for 15 nm layer
versus 0.92 nm for 55 nm layer). It is because plasmon resonance is a
phenomenon confined to the surface and its decay length is in a range of tens
of nanometers. [267, 268] Additional thin layer of a dielectric, such as SiO:
allows electromagnetic coupling between metal and dielectric plasmons and

spreading of coupled plasmons along the dielectric layer. The thicker the
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dielectric layer, the weaker the improvement of the platform sensitivity can be

obtained.

Fig. 79 Shift of the resonance wavelength in subsequent stages of
experiment (error bars calculated for three separate samples); inset
- example of adequate UV-Vis spectra (spectra black, green and grey
were measured in air and violet, pink and blue in PBS). “Ag” refers to
bare AgCit(T)NPs platform.

The proof of concept for detection of bacteriophages using LSPR system was
shown. SiO2 layer was used to protect AgCitNPs from Cl- ions in solutions.

Sensitivity of the system depended on the thickness of the SiO2 layer.
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Chapter 6

Summary and conclusions

Plasmonic-based sensors are valuable tools in studying molecular interactions
and label-free detection in real time to mention just a couple examples. Used
setups are relatively simple and can be miniaturized and integrated. Their
crucial element is the sensing platform. Depending on the chosen technique
the platform should exhibit different features. This dissertation was focused

on fabrication of platforms showing:

- a narrow plasmon resonance peak in the UV-Vis spectrum and high
refractive index sensitivity for use in LSPR, and/or

- a high enhancement factor for use in SERS.

The fabrication method of choice was electrodeposition. It does not require
specific sample preparation or sophisticated equipment. It can be performed in
aqueous solutions with environmentally friendly chemicals. It is also cheap
and allows easy control over many parameters of deposition. Cyclic
voltammetry was used to assure repeatable nucleation and growth cycles
resulting in good surface coverage. Obtained platforms were ITO-based silver
and gold submicrostructures. Chapters 3 and 4 describes the optimization of

electrodeposition parameters.

The main conclusion from this part is that cyclic voltammetry is suitable to
fabricate tailored morphologies of silver and gold deposits. Desired structures
were obtained without any templates and using only plating baths consistent
with the principles of “green chemistry”. Citrate ions and glucose worked well

as reducing agents. Future work should be focused on improvement of the



morphology e.g. by introducing other working electrodes instead of ITO or by
introducing an additional templating layer. A key point should be to gain more
control over the interparticle distances since it is a crucial parameter in the

creation of “hot spots”.

In Chapter 5 possible applications in SERS and LSPR are presented with
detailed summaries. Summing up: fabricated platforms exhibited EF high
enough to record SERS spectra of neurotransmitters in physiologically relevant
concentrations. Although it was impossible to quantitatively determine the
amount of choline in such a complex sample as human blood serum. Probably
the protocol of sample preparation needs to be improved. In case of LSPR a
broad range of possible applications was shown. Refractive index sensitivity
test was demonstrated with monitoring BSA adsorption. Molecular interactions
were studied with lectins-to-sugars binding using graphene oxide or reduced
graphene oxide as a supporting layer for sugars. It was shown that functional
groups on graphene oxide cause greater unspecific binding of lectins to the
platform. Other ways of immobilizing sugars would be worth checking, e.g.
covalent bonding through linkers or immobilization in gels. Another
application was studying of dielectric properties of bacteria. Developed
platforms were sensitive enough to sense the difference in dielectric
coefficient between Gram-positive and Gram-negative bacteria. Moreover, it
was possible to differentiate bacteria according to their viability. Further work
can include quantitative measurement of dielectric coefficients of various
microorganisms. As last, a proof-of-concept of a biosensor was shown. T7
bacteriophages were recognized with specific antibodies covalently bound to
the platform. In this case a very important element was a thin dielectric film
applied on top of the silver nanostructures. It not only allowed an easy
functionalization of the platform but also protected the silver structures from
chloride ions. In this particular system attention should be paid to the
thickness of the dielectric layer. According to calculations performed by Lahav
et al. if a very thin layer of dielectric having high refractive index and very low
absorbance is applied onto the metal surface, the enhancement of the
sensitivity can reach one order of magnitude. [269] Future works should not
only be focused on increasing the enhancement of the sensitivity but also on

checking limits of detection of the method.
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With presented examples a broad range of applications of plasmonic methods
was shown. What is more important, all those experiments were performed on
platforms fabricated by means of easy and unwasteful electrodeposition from
environmentally-friendly solutions. One of the presented platforms - AgCitNPs

- is universal and can be used in both, SERS and LSPR studies.
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